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This dissertation examines the role of age and bilingualism on perception of vocoded speech in 
order to determine whether bilingual individuals, children, and bilingual individuals with later ages of 
second language acquisition show greater difficulties in vocoded speech perception. Measures of 
language skill and verbal inhibition were also examined in relation to vocoded speech perception. Two 
studies were conducted, each of which had two participant language groups: Monolingual English 
speakers and bilingual Spanish-English speakers. The first study also explored the role of age at the time 
of testing by including both monolingual and bilingual children (8-10 years), and monolingual and 
bilingual adults (18+ years). As such, this study included four total groups of adult and child language 
pairs. Participants were tested on vocoded stimuli simulating speech as perceived through an 8-channel CI 
in conditions of both deep (0-mm shift) and shallow (6-mm shift) insertion of the electrode array. 
Between testing trials, participants were trained on the more difficult, 6-mm shift condition. The second 
study explored the role of age of second language acquisition in native speakers of Spanish (18+ years) 
first exposed to English at ages ranging from 0 to 12 years. This study also included a control group of 
monolingual English speakers (18+ years). This study examined perception of target lexical items 
presented either in isolation or at the end of sentences. Stimuli in this study were either unaltered or 
vocoded to simulate speech as heard through an 8-channel CI at 0-mm shift. Items presented in isolation 
were divided into differing levels of difficulty based on frequency and neighborhood density. Target 
items presented at the ends of sentences were divided into differing levels of difficulty based on the 
degree of semantic context provided by the sentence. 
 
  
  No effects of age at testing or age of acquisition were found. In the first study, there was also no 
effect of language group. All groups improved with training and showed significant improvement 
between pre- and post-test speech perception scores in both conditions of shift. In the second study, all 
participants were significantly negatively impacted by vocoding; however, bilingual participants showed 
greater difficulty in perception of vocoded lexical items presented in isolation relative to their 
monolingual peers. This group difference was not found in sentence conditions, where all participants 
significantly benefited from greater semantic context. From this, we can conclude that bilingual 
individuals can make use of semantic context to perceive vocoded speech similarly to their monolingual 
peers. Neither language skills nor verbal inhibition, as measured in these studies, were found to 
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Chapter 1: Introduction 
1.1 Overview 
A cochlear implant (CI) is a sensory prosthesis that can partially restore speech perception to 
individuals with severe to profound sensorineural hearing loss. To reduce the risk of heterogeneity and 
confounding factors, often normal-hearing (NH) individuals listening to CI simulations are tested in lieu 
of CI users. Heterogeneity in CI users may be caused by a number of factors, including biological, device, 
and surgical differences. Variability in perception of CI-simulated speech has also been found among 
monolingual NH listeners (Davis et al., 2005; Rosen et al., 1999; Senan et al., 2018, Waked et al., 2017). 
This dissertation aims to explore potential causes of these differences. 
Most studies on speech perception in both CI users and NH individuals listening to CI 
simulations have focused on monolingual adults. Worldwide, however, most people are bi- or 
multilingual (hereafter bi/multilingual). For NH bi/multilingual listeners, there are many factors known to 
make speech perception more difficult (e.g., Bialystok, 2008; Carlson et al.; 2016; Skoe et al., 2019). Use 
of bi/multilingual spoken language necessarily involves some level of competition in linguistic 
knowledge. Vocabulary in each language may also be negatively impacted. This is due to the fact that 
children receiving input in multiple languages are likely to receive less input in each individual language 
relative to a child receiving input in only one of these languages (e.g., Cummings, 2008, Knoors & 
Marschark, 2012, Schmidtke, 2016). This may lead to reduced vocabulary knowledge in all known 
languages. There is some evidence that this difference in vocabulary size remains reduced relative to 
monolingual peers throughout the lifespan (Bialystok & Luk, 2012; Friesen et al., 2014, Sullivan et al., 
2017). These differences between monolingual and bi/multilingual individuals may make difficulties in 
speech perception even greater for bi/multilingual CI users as compared to their monolingual peers.  
The age of an individual CI user may also impact their ability to understand speech. Child CI 
users may face relatively greater difficulties compared to adult CI users because adults have greater 
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experience with language use. Adults are also likely to have more fully developed language processing 
abilities. This may lead adults to possess greater resources for perceiving degraded speech signals 
available through a CI. Child listeners also may not have reached similar levels of development and 
experience (Eisenberg et al., 2000, Miller et al., 2019; Nittrouer et al., 2009; Westerhaisen et al., 2015). 
For bi/multilingual individuals, the ability to accurately perceive speech may also be impacted by the age 
at which they were first exposed to their second language (L2). Bi/multilingual listeners exposed to their 
L2 later in life may also face greater difficulties in that language relative to both early bilinguals and 
monolinguals. Bilingual individuals exposed to their L2 at more advanced ages have been shown to have 
greater difficulty with speech perception in noise (Abrahamsson & Hyltenstam, 2009; Mayo et al., 1997, 
Regalado et al., 2019, Skoe & Karayanidi, 2019; Tabri et al., 2015) and with time-compressed speech 
(e.g., Conrad, 1989, Francis, 2019). It seems likely that limitations observed in these difficult listening 
conditions will also be found in later-exposed bilinguals listening to degraded speech signals through a 
CI.  
In addition to either age at testing or age of acquisition, an individual’s ability to inhibit irrelevant 
information may also contribute to perception of distorted speech. Verbal inhibition is one aspect of 
cognitive control, defined by Morton and Harper (2007) as a central part of higher-order thought. 
Inhibition allows an individual to behave in a goal-oriented way and reduce interference. Verbal 
inhibition is often found to be higher in bi/multilingual individuals than in their monolingual peers. It is 
hypothesized that this ability comes from the requirement to consistently suppress interference from one 
language while using another (e.g., Calabria et al., 2012, Calabria et al., 2018). Differences in inhibitory 
skill between monolingual and bilingual peer groups have been found across the lifespan (e.g., Anderson 
et al., 2017; Bialystok et al., 2005). This advantage may assist speech perception in bilingual individuals. 
In the following studies, perception of CI-simulated speech will be examined in both NH 
monolingual English speakers and native speakers of Spanish who are also English language users. To 
attempt to better understand the cause(s) of variability found in NH individuals listening to CI 
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simulations, the relationships among perception of unaltered and distorted speech, verbal inhibition, and 
linguistic skills will also be examined. Age-related factors, including age at testing and age of L2 
acquisition, will also be examined.  
 
1.2 General Research Questions 
Given the prevalence of bi/multilingualism in the world, known language processing differences 
experienced by bi/multilingual speakers relative to their monolingual peers, and the heterogeneity of CI 
users, aside from their hearing impairment (HI) alone, this dissertation seeks to address the following key 
questions: 
1. Do bilingual Spanish/English-speaking listeners understand distorted speech similarly to their 
monolingual, English-speaking peers?  
2. Can variability of listening success within conditions be explained by individual differences in 
linguistic skills?  
3. Can variability of listening success within conditions be explained by individual differences in 
verbal inhibition?  
4. Does a difference in distorted speech perception exist between age groups? 
5. Does a difference in distorted speech perception exist between those exposed to their L2 at earlier 






A. Prevalence of Bi/Multilingual CI Usage 
Monolingual individuals are estimated to represent approximately only 40% of the world’s 
population. Even within the United States, a nation that officially recognizes only English as a national 
language (Maccagno, 2019; Stritikus, 2002), approximately 20% of citizens are reportedly bi/multilingual 
(Grosjean, 2020). The Central Intelligence Agency (2016) lists 241 countries and territories with two or 
more official or commonly used native languages. In many of these countries, such as Israel, which has 
three officially recognized languages (Israel Central Bureau of Statistics, 2016), use of CIs is on the rise 
(Cochlear Implants in Israel, 2017). 
One of the most common languages spoken worldwide is English, which is estimated to be 
spoken as a first language by roughly 400 million people and as a non-native language by up to 1.5 billion 
individuals (Lyons, 2017). As such, it is likely that English is one of the languages spoken by many 
bi/multilingual CI users. We can benefit from study of how use of both English and other languages 
impact speech perception in CI users. This has potential implications for both aural rehabilitation and 
habilitation for these populations, as well as for best practices regarding integrating students with CIs into 
mainstream classrooms.  
 
B. Inhibition in B/Multilingual Individuals  
 Bi/multilingual individuals have been shown to have greater abilities in inhibitory response as 
compared to their monolingual peers (Anderson et al., 2017; Bialystok et al., 2005; Calabria et al., 2012, 
Calabria et al., 2018; Filippi, et.al., 2015; Martin-Rhee & Bialystok, 2008). It is hypothesized that this 
ability comes from the need to consistently suppress interference from one or more languages while using 
another (Calabria et al., 2012; Calabria et al., 2018). This advantage is best observed when a task is 
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particularly taxing. Costa et al. (2009) saw no bilingual advantage in congruent-heavy tasks, in which the 
majority of stimuli require no inhibition. A bilingual advantage was, however, observed in discongruent-
heavy tasks, in which the majority of stimuli require inhibition. One such measure is the Stroop test, a test 
of verbal inhibition (Stroop, 1935).  
  
C. Second Language Acquisition  
 Developmental limitations on the ability to naturally acquire a species-specific skill are referred to 
as critical periods (Hinde, 1962). The notion of a critical period was first linked to human language 
acquisition by Lenneberg (1967), who suggested that natural language acquisition can only take place 
during a critical period lasting between the age of 2 years and the onset of puberty. The lower bound of 2 
years was chosen as it was assumed that before this age, language acquisition was impossible due to 
immaturity. Lenneberg assumed the upper boundary of this critical period to be puberty, as he 
hypothesized that after puberty, natural acquisition of language is blocked by the loss of “cerebral 
plasticity.” He believed that this occurred after the completion of the “lateralization process,” which was 
defined as the two hemispheres of the brain becoming permanently set and unchangeable.  
 However, research on typically developing children shows that infants begin to distinguish 
sounds in the phonemic inventory of the language(s) to which they are exposed during the first year of life 
(e.g., Potter & Lew-Williams, 2019, Werker & Tees, 1984). Studies on artificial language learning have 
shown that 8 month old infants can use transitional probabilities to identify reoccurring “words” in a 
stream of constant speech. Twelve-month-old infants have also been shown to have the ability to 
recognize correct grammatical patterns based on a brief familiarization period to an artificial language 
(Gomez & Gerken, 2000). Additionally, typically developing infants enter a period of rapid word learning 
between the ages of 13 and 18 months (e.g., Gongate & Maganti, 2019). This can be taken as evidence 
that language perception begins far earlier than production.  
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Werker and Byer-Heinlein (2008) analyzed literature exploring the nature of bilingual language 
acquisition, and concluded that before the age of 2 years, infants are able to use both lexical and non-
lexical linguistic features to discriminate between the two languages in their environment. Previous 
research indicated that bi/multilingual children acquire all language characteristics from the languages to 
which they are exposed and, only after completing this combined acquisition, later separate linguistic 
features into the separate languages of their environment (e.g., Volterra & Teaschner, 1978). However, 
later work has indicated that newborn infants are able to discriminate between languages with different 
rhythmic classes, indicating that discrimination between the languages in an infant’s environment begin at 
birth (Nazzi et al., 1998).  
More recent work has also shown that bilingual infants reach linguistic milestones at ages similar 
to their monolingual peers in early linguistic development (e.g., Holowka et al., 2002). By 4 months of 
age, both monolingual and bilingual infants are able to distinguish languages from the same rhythmic 
class, such as French and Italian, which are both syllable-timed languages, in which syllables take 
approximately equal time to pronounce. This indicates that bilingual infants have an early ability to use 
some suprasegmental cues to distinguish between the languages in their environment, even if they belong 
to the same rhythmic class (Bosch & Sebastian-Galles, 2001). Due to this early experience and increased 
exposure via the multiple languages in their environment, at 8 months of age, bilingual infants retain the 
ability to distinguish between the different languages in their environments should the rhythms of these 
two languages differ from one another whereas monolingual infants lose this ability in order to better 
acquire the single language in their home environment (Weikum et al., 2007).  
Bilingual infants have also been shown to have the ability to discriminate between both the 
phonemes and phonetic structure of their two languages by the age of 1 year, and have a different pattern 
of phonotactic acquisition as compared to their monolingual peers (Sebastian-Galles & Bosch, 2002). 
This is due to the fact that bilingual infants are exposed to two lexicons, each containing their own 
phonemes and phonotactic constraints. The ability to simultaneously acquire two phonological systems 
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also allows infants to acquire lexical items with differing phonotactic structure simultaneously, allowing 
them to establish two unique mental lexicons. However, due to the fact that bilingual infants are exposed 
to fewer lexicons in each language, their lexical capacity in each language is reduced in each individual 
language relative to their monolingual peers (Pearson et al., 1993).  
Many researchers believe that there is also a developmental stage after which an individual is 
unable to become truly bi/multilingual (e.g., Hartshorne et al., 2018). Bi/multilingualism is defined more 
explicitly here as the ability to both process and produce all languages of use with similar proficiency. 
Adults who have been exposed to multiple languages earlier in life seem to be at a particular advantage 
and show signs of true bi/multilingualism (DeKeyser, 2000; DeKeyser, 2010; DeKeyser, 2012; Flege, 
1990; Mechelli, 2004; Singleton & Ryan, 2004). As such, there appears to be great advantage to exposing 
children to their non-primary language(s) at as early an age as possible in order to improve their chances 
of acquisition with native-like proficiency.  
However, there are differing opinions regarding whether the concept of a critical period can be 
applied to bi/multilingual language acquisition. Part of this debate comes from the fact that different 
studies have focused on different aspects of language, such as accent and pronunciation (phonological 
production) (e.g., Flege, 1987), and grammatical awareness (morphosyntactic competence) (e.g., Johnson 
and Newport, 1989). Additionally, some studies have focused exclusively on short-term learning, where 
only the initial progress of L2 learners is monitored (e.g., Snow & Hoefnagel-Höhle, 1978), while others 
have examined only long-term outcomes, where L2 learning is studied over a period of years (e.g., Ortega 
& Iberri-Shea, 2005).  
While those exposed to their L2 as children generally significantly outperform those exposed in 
adulthood in measures of morphosyntactic competence, some exceptions have been found. DeKeyser 
(2000) found that adults whose results were on par with those exposed to their L2 in early childhood also 
tended to score higher on measures of analytical problem-solving abilities. The author concluded that this 
ability is needed for adult learners to obtain morphosyntactic competence in their L2 because the implicit 
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learning mechanisms used by children in language acquisition are no longer available past a certain 
developmental point. Without exceptional verbal analytical skills, it is unlikely that individuals exposed 
later in life will ever develop the same level of linguistic proficiency as those exposed during their 
childhood.  
 Similarly, current research on D/deaf children also shows that those exposed to auditory signals via 
a CI before the age of two years significantly outperform those implanted at later ages on nearly all oral 
language tasks. Children implanted between the ages of 12 and 16 months scored comparably with their 
NH peers at the age of 4.5 years, while those implanted between the ages of 17 and 24 months did not 
(Nicholas & Geers, 2007). Using developmental trajectory analysis, Svirsky et al. (2004) found that 
children implanted before the age of 2 years had significantly higher scores on measures of speech 
perception and linguistic skills as compared to children implanted at 3 or 4 years of age after a 
comparable period of CI use. McKinney (2017) found significant improvement in language use in infants 
implanted in the first year of life relative to their later-implanted peers. This indicates that regardless of 
the existence of a critical period, children in need of a CI who receive early implantation are far more 
likely to have improved linguistic outcomes relative to their later implanted peers. 
 
D. Lexical Processing in Bi/Multilingual Individuals 
 Bi/multilingual spoken language use necessarily involves some level of competition in linguistic 
knowledge. As such, it has been linked to some negative linguistic outcomes in all known languages. In 
societies where the majority of people are monolingual, this may lead to potentially negative 
ramifications with regards to clinical and educational assessment of children, particularly those with 
speech, language, and/or hearing impairments (HI). This is because children receiving input in multiple 
languages receive less input in each individual language relative to a child receiving input in only one of 
these languages (e.g., Cummings, 2008, Knoors & Marschark, 2012, Schmidtke, 2016). This makes it 
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difficult to accurately assess bilingual children using measures normed for monolingual speakers of either 
language. For NH bilingual children, although they may have a total number of vocabulary items across 
their languages matching that of their age-matched monolingual peers, the number of vocabulary tokens 
in each language is generally reduced (e.g., Altman et al., 2018; Uccelli & Paez, 2007). There is some 
evidence that this difference in vocabulary size remains reduced relative to monolingual peers throughout 
the lifespan (Anderson et al., 2017; Bialystok & Luk, 2012).  
Bilingualism has also been linked to longer lexical retrieval times and more instances of the tip-
of-the-tongue phenomena in NH adults due to the greater number of options made available by the two 
lexicons (Sullivan et al., 2018; Bialystok, 2008). NH bilingual adults also tend to have poorer word 
identification in noise as compared to their monolingual peers (e.g., Rogers et al., 2006, Roaunujan & 
Weeks, 2020). Given these issues of smaller vocabulary size, longer lexical retrieval time, and greater 
difficulty listening in noise, speech perception for bilingual CI users may be even more challenging than 
it is for monolingual CI users.  
 
1.4. Deafness 
A. Prevalence of CI Use 
The World Health Organization (2020) estimates that there are approximately 460 million people 
with disabling HI. Thirty-four million of these people are children. At least 324,000 of these individuals 
use a CI. However, only roughly 96,000 of these CI users live in the United States (National Institute of 
Deafness and Other Communication Disorders, 2017). Most research on language acquisition and speech 
perception has been conducted using monolingual English speakers (e.g., Madsen et al., 2019). This is 
also true regarding studies assessing perception of CI-simulated speech (e.g., Casaponsa et al., 2019).  
Despite the prevalence of bi/multilingual CI-users, few studies have been conducted on speech 
perception in these populations (Garcia et al., 2010; Goodwin et al., 2019; Looi et al., 2015; Popova et al., 
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2019; Robbins et al., 2004; Rogers et al., 2006; Schmidtke, 2016; Thomas et al., 2008; Waltzman et al., 
2004). Examination of speech perception in this population is important, as a CI will distort the incoming 
signal under even ideal listening conditions. Studying how bi/multilingualism impact users’ ability to 
understand speech through a CI relative to their monolingual peers may offer insight into how to best aid 
members of this population.  
 
B. Deaf Education and Re/Habilitation for Bi/Multilingual Students 
In a majority-monolingual society, such as the United States, it is quite likely that children with 
HI learning oral language(s) will receive therapy and education in only one language. In cases where a 
child’s family belongs to a linguistic minority group, it is likely that they may also receive linguistic input 
at home in at least one other language (Cannon & Guardino, 2012; Tembe, 2008). This can lead to gaps in 
lexical knowledge, where so-called Basic Interpersonal Language Skills (BICS) may be known in the 
heritage language, while Cognitive-Academic Language Proficiency (CALP) may be more accessible in 
the majority language (Cummins, 1999; Cummins, 2008). Further exploration is required to better 
understand how bi/multilingualism and/or L2 learning may interact with learning to understand distorted 
speech in bi/multilingual CI users. 
Children with CIs are unlikely to have a typical language acquisition experience in which they 
naturally develop representation of the rules of languages in their surroundings from exposure to ambient 
language alone. Some form of aural/oral therapy is generally needed to facilitate learning. Speech 
outcomes tend to be best for those who receive their CIs before the age of one year (McKinney, 2017). 
However, a child implanted at such a young age needs to begin working with practitioners soon after 
activation to lead to optimal oral/aural linguistic outcomes. This will help the child both learn how to 
produce speech as well as how to accurately perceive speech and other sounds in their environment 
(American Speech Language and Hearing Association, 2017). 
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With bilingual CI users, in addition to the fact that their language learning is atypical, there is also 
the risk of transfer when learning two languages, making it possible that learning the rules of one 
language will hinder correctly learning and use of the rules of another (Knoors & Marschark, 2012). 
These effects may slow progress in the language in which child CI-users are able to receive training, 
potentially causing them to fall behind both their NH and CI-using monolingual peers. It is for this reason 
that these CI users need specialized intervention in order to learn language skills. However, there is little 
evidence-based research on which teachers and clinicians can base their interventions in this population. 
Valente (2019) has suggested that deaf L2 learners be taught to use both visual and auditory cues 
beginning in preschool (ages 3-5 years) in order to better access linguistic cues in their L2. However, little 
clinical information regarding this population can be found, and the long-term efficacy of Valente’s 
(2019) suggested approach has yet to be studied. 
 
C. CIs and Challenges for Speech Perception  
A great deal of variability is found in speech perception scores of CI users (e.g., Blamey et al., 
2013; Cesur & Derinsu, 2020; Fontenot et al., 2019; Sarant et al., 2001). This is true not only of pre-
lingually deafened individuals (e.g., Fontenot et al., 2019), but post-lingually deafened older children and 
adults as well (e.g., Cesur & Derinsu, 2020). Because later-deafened individuals experienced this hearing 
loss following typical linguistic and cognitive development, it is likely that there must be other factors 
contributing to success with a CI aside from those resulting from atypical language exposure.  
One primary factor that has been identified to negatively impact speech perception in both pre- 
and post-lingually deafened CI users is the duration of deafness. This factor often plays a significant role 
on post-implantation outcome measures. After an extended period without stimulation, both the peripheral 
and central auditory pathways are not maintained and may degrade (Cesur & Derinsu, 2020; Teoh et al., 
2004). Longer durations of deafness can also lead to degradation in the cochlea, cutting off sound 
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transmission to the organ of Corti. This may lead to spinal ganglia death, which will in turn prevent sound 
transmission to the auditory nerve, brainstem, and relevant midbrain structures (Coco et al., 2009; Leake 
et al., 1999; Muise-Hennessey et al., 2019; Nayagam et al., 2011; Rejali et al., 2007; Sang-Yeon et al., 
2020).  
Another potential problem source in learning to understand speech through a CI is that the sound 
processing strategies in CIs greatly degrade the speech signal. This means that less information, with 
potentially greater distortion, is reaching the brain. Speech processing strategies in CIs use multi-channel 
stimulation in a series of electrical pulses. A bank of bandpass filters is used to analyze the incoming 
signal into a small number of frequency bands, typically ranging between 12 and 22 channels. Specific 
frequency ranges are then allocated to individual electrodes. The envelope of the signal, or slowly varying 
amplitude fluctuations of the signal in each band, is extracted from the output of each filter. This is then 
used to set the dynamic range for each frequency band. This process discards fine acoustic structure 
(Loizou, 2006). As such, CI users experience spectral smearing across channels as well as the loss of 
temporal fine structure. The final output differs greatly from what is present in an acoustic auditory 
signal. These differences between acoustic hearing and hearing through a CI lead to greater difficulty 
discriminating between different vowel sounds (Svirsky et al., 2001), tonally contrasted words in tonal 
languages (Wei et al., 2000), perception of speech signals in noisy environments (van Hoesel et al., 2002), 
and speaker identification (Fu et al., 2004). Discrimination between consonants that only differ in place of 
articulation (e.g., /d/ and /g/) is also severely degraded in CI users (Donaldson & Nelson, 2000).  
There are also factors that are impacted by the surgical insertion of the electrode array. In optimal 
circumstances, it is difficult to insert an electrode array to the most apical portion of a normal-shaped 
cochlea. Potential biological variability may further complicate the physical insertion of a CI. Some 
etiologies of deafness, such as meningitis, can lead to ossification, which may make it impossible for the 
electrode to be fully inserted (Helmstaedtar et al., 2018). This may also make it more difficult to position 
electrodes near the modiolus. This can increase stimulation sensitivity due to its proximity to the spiral 
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ganglia, which are attached to the auditory nerve (Balkany et al., 2009). In implantation of a cochlea 
without ossification, the most apical electrode is placed near the portion of the basilar membrane with 
best frequencies of 500 Hz or higher. This means that there will be at least some degree of frequency-to-
tonotopic place mismatch in which the auditory stimuli are delivered to fibers of the auditory nerve that 
are tuned to frequencies higher than those present in the original signal. In cases where CIs are inserted at 
relatively shallow depths, this mismatch is more pronounced (Landsberger et al., 2016).  
 
1.5. Vocoders 
A. Vocoding as CI Simulation 
Because speech perception in CI users is highly variable across individuals, it can be studied 
more easily using a more homogenous group of NH listeners presented stimuli that simulate some 
features of speech as heard through a CI. Through the use of a vocoder, speech can be processed in a 
manner similar to the speech processing algorithm of a CI. It can then be further manipulated to simulate 
an approximation of the effects of different factors that may affect speech perception in CI users. 
The basic CI speech processing algorithm is sometimes called “vocoder-centric” processing 
(Loizou, 2006). This is because the acoustic signal is modified using a process similar to that used by 
Dudley in his seminal 1939 article discussing his use of a speech synthesis system to reduce the auditory 
information sent over telephone lines. This system was termed a “vocoder” as shorthand for the term 
“voice coder.” In vocoding, the acoustic signal is first separated into a number of spectral frequency 






Figure 1  




B. Sine vs. Noise Carriers 
 
Following envelope extraction, the envelope must then be transmitted using a carrier. In the case 
of a CI, the carrier is a high-rate electrical pulse train for each electrode that follows the modulations in 
the envelope. For NH listeners, an acoustic carrier must be used to convey envelope information. One 
type of carrier is bandpass-filtered, Gaussian white noise in the frequency ranges of the vocoded stimuli. 
Another commonly used type of carrier is sine waves with center frequencies for each filter. The 
modulated signals of each carrier band are then added together to create the final sound output. This 
replicates the loss of temporal fine structure information typically faced by CI users (Loizou, 2006). 
Although studies indicate that it is almost equivalently difficult for listeners to understand speech via both 
noise and sine wave carriers, the sound outputs of these carriers are quite distinct from one another. This 
output is also dependent upon other possible variations, such as manipulating the number of channels 
used to alter the available amount of frequency information (e.g., Baskent & Shannon, 2001), varying the 
slopes of synthesis bands to alter the distortion caused by electrical spread between electrodes (e.g., 
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Bingabr et al., 2008), and manipulating tonotopic shift to alter the frequency range available in the stimuli 
(e.g., Siciliano et al., 2009).  
 
1.6. Variability in Vocoded Speech Perception 
 
A. Individual Differences in Training  
 Although experiments are often conducted using NH participants to avoid the variability 
potentially caused by biological, surgical, and/or device factors often found among individuals with CIs 
(Litovsky et al., 2012), in many vocoder studies, a great deal of variability is still found within 
participants. This is found in individual data from training studies (Davis et al., 2005; Rosen et al., 1999; 
Waked et al., 2017) as well as acute listening studies where listeners provide responses to stimuli without 
training (e.g., Eisenberg et al., 2000). These results have been found across both child and adult age 
groups. In training studies in particular, when individual data are presented, as well as group averages, 
individuals can be seen to progress at differing rates. Participants showing higher or lower acute scores 
did not necessarily progress at respectively higher or lower rates (Davis et al., 2005; Rosen et al., 1999; 
Waked et al., 2017). This variability is not typically a focus of these studies; however, there are a number 
of factors that may lead to these observed individual differences. Among these are linguistic and cognitive 
factors. 
 
B. Linguistic Factors  
There are a number of linguistic factors that impact typical speech perception. These include 
vocabulary knowledge (e.g., Geers et al., 2003) and lexical retrieval (Vitevitch et al., 2014). Vocabulary 
knowledge has been shown to potentially operate as a compensatory mechanism for resolving lexical 
ambiguity in adverse listening conditions (e.g., Roman et al., 2017; Chiappe et al., 2001; Chiappe et al., 
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2004). As sentence context and lexical predictability have also been shown to impact speech perception, 
this may indicate that a larger vocabulary gives listeners a larger set from which to select predictions for 
upcoming items. As such, a larger vocabulary may aid in lexical retrieval, the ability to quickly and 
accurately identify words in real time during a continuous stream of speech.  
Various models of speech perception suggest different potential roles of lexical retrieval in 
speech perception. These models can be broadly broken down into top-down and bottom-up models of 
speech perception. In bottom-up models, such as the motor theory of speech perception, speech is 
perceived solely from the auditory signal with no input from context or lexical knowledge (Liberman & 
Mattingly, 1985). In top-down models, such as the cohort or TRACE theories of speech perception, 
higher-level linguistic knowledge can be used to more efficiently narrow the range of possible options 
given the phonemes present in the acoustic signal (Marslen-Wilson & Welsh, 1978; McClealland & 
Elman, 1986). Evidence for top-down models comes from studies investigating phonemic restoration, in 
which listeners have been shown to able to perceive a word despite the removal or masking of one 
phoneme. Additionally, listeners are also often unaware of when the order phonemes within a word are 
switched when presented in a string of speech (Dufour & Grainger, 2019). This indicates that semantic 
and syntactic knowledge are prioritized in situations of auditory and phonemic degradation.  
While these two types of models differ in the role of lexical and contextual access, both 
categories of speech perception theories prioritize the role of acoustic, bottom-up information. However, 
only top-down theories explicitly account for our ability to perceive speech in adverse listening conditions 
where this bottom-up information may be degraded and some acoustic information may be made 
inaccessible. While evidence supports our ability to use lexical access and context to perceive distorted or 
deleted phonemes, it remains unclear whether it is truly necessary for listeners to have access to these 




C. Inhibitory Processing and Age 
As previously mentioned, bi-multilingual individuals generally show stronger inhibitory 
responses when compared to their monolingual peers (e.g., Anderson et al., 2017; Bialystok et al., 2005; 
Calabria et al., 2012, Calabria et al., 2018; Filippi, et.al., 2015; Martin-Rhee & Bialystok, 2008). 
Decreased inhibition has been shown to negatively impact monolingual listeners within age groups in 
difficult listening situations. Such situations include speech in noise (Knight & Heinrich, 2017) and in 
individuals with tinnitus (Araneda et al., 2015). Additionally, inhibitory control appears to improve with 
age. Cragg (2016) found that at both 7 and 10 years of age, children had longer reaction times and 
reduced accuracy relative to 20-year-old adults on measures of inhibitory control. Thus, while increased 
inhibitory control is likely related to perception of speech in difficult listening environments, this factor 
also quite likely intersects with age (Zhao et al., 2016). The inherent differences found between 
bi/multilingual individuals and their monolingual peers on measures of inhibitory control may intersect 
with age-related factors to further increase variability of vocoded speech perception. 
 
1.7. Comparison of Spanish and English Languages 
One means by which it is possible to examine the role of the bilingualism on perception of 
vocoded speech, is to compare bilingual speakers of two languages with monolingual speakers of one of 
these languages. One possible pairing is bilingual speakers of Spanish and English and monolingual 
speakers of English. These two languages share many similarities. Both are intonation languages whose 
consonant sounds share the same places of articulation. Additionally, as shown in Figure 2, both 
languages have a similar number of consonant sounds that fall within the same frequency range. Figure 3 
shows that, while English contains a greater number of separate vowel phonemes as compared to Spanish, 
all vowels, both monothongs and diphthongs, fall within the same frequency ranges as their closest 
equivalent in both languages (Delattre, 1964). However, differences between the phonemic inventories of 
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these two languages do exist. One difference is manner of articulation, particularly as found in the 
incidence of the alveolar trilled /r/ found in Spanish, which differs from the alveolar retroflex liquid /ɹ/ 
found in English (Brice et al., 2019; Martínez-Celdrán et al., 2004).  
 
Figure 2  
Representation of the first two formants of vowels in Spanish and English as represented in frequency (Hz 











1.8. Summary and Aims 
 This dissertation includes two experiments that aim to examine the impact of bilingualism, 
linguistic skill, verbal inhibitory skill, age of L2 acquisition, and age at testing on perception of vocoded 
speech. The primary motivation behind the approaches implemented in these studies is to isolate the 
factors of both age of acquisition and age at the time of testing in bilingual Spanish-English populations 
as compared to their monolingual, English-speaking peers. Studies were carried out using vocoded speech 
to simulate what is heard through a CI. By studying these factors in both language populations, we will be 
able to better identify the ways in which these factors differ both between groups as well as within each of 
the seven total groups studied. Measurement of verbal inhibition and language skills will also allow us to 
better examine possible causes of variability both within and across groups. 
 Chapter Two focuses on the role of age at the time of testing on perception and learning of 
vocoded speech at differing degrees of tonotopic shift. I examine prior literature comparing perception 
and training of vocoded speech in children and adults. The chapter also examines literature comparing 
perception of vocoded speech between monolingual and bilingual individuals. I will examine the role of 
cognitive skill and linguistic experience on speech perception in both children and adults. To further 
examine potential factors that may contribute to variation both within and across groups, linguistic skill 
will be examined using measures of vocabulary and cognitive skill will be investigated using a measure of 
verbal inhibition. To control the potentially confounding factor of age of acquisition, all bilingual 
participants will have been exposed to their L2 of English by the age of four years. To control the 
potentially confounding factor of differences across participants’ native languages, bilingual participants 
will all be native speakers of Spanish. To better examine the role of bilingualism, each age group will be 
paired with monolingual, age-matched peers. 
 In Chapter Three, I focus on the role of age of L2 acquisition in acute perception of target words 
that differ in factors impacting lexical retrieval difficulty. To manipulate contextual support for word 
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recognition, words will either be presented alone or at the ends of sentences. Words presented in isolation 
will differ in frequency and neighborhood density. Sentences will either provide high or low context for 
sentence-final target words. To further examine potential factors that may contribute to variation both 
within and across groups, linguistic skill will be examined using measures of reading comprehension and 
cognitive skill will be investigated using a measure of verbal inhibition. To control the potentially 
confounding factor of age at testing, all bilingual participants will be between the ages of 18 and 25 years. 
To control the potentially confounding factor of differences across participants’ native languages, 
bilingual participants will all be native speakers of Spanish. To better examine the role of bilingualism, 
participants will be paired with monolingual, gender-matched peers. 
 In the final chapter, I combine and compare the overall findings of this dissertation. I also discuss 
the role of the linguistic measures examined and verbal inhibition on performance both within and across 
groups on vocoded speech perception. I will then discuss theoretical and clinical implications, general 




Chapter 2: The role of age, bilingualism, and individual differences on 
perception of vocoded speech  
 
2.1 Overview  
As discussed in the previous chapter, while the majority of studies on vocoded speech perception 
have been conducted on monolingual individuals, the majority of the world’s population is 
bi/multilingual. As such, it is important to investigate the role that bi/multilingualism plays in perceiving 
speech when using a CI. A number of factors may contribute to differences in speech perception with a CI 
in bi/multilingual listeners as compared to their NH peers. These may include bilingual cognitive 
advantages in verbal inhibition as well as bilingual linguistic disadvantages in both total lexical capacity 
and potential lexical gapage in each language of use. Another factor that may impact one’s ability to 
understand speech with a CI is age at the time of testing. Lexical knowledge grows over the lifespan. 
Children are just beginning to develop their vocabulary and have less overall experience with language 
use than adults. Children are also still developing cognitive skills that may assist in speech perception.  
In this chapter, I discuss existing literature that has examined ways that listeners of different ages and 
language profiles learn to understand vocoded speech, the benefits and disadvantages of bilingualism on 
speech perception, and the role of verbal inhibition on speech perception. Additionally, I discuss an 
experiment conducted with the aim of expanding our understanding of the roles of age and bilingualism 
on the ability to learn to understand vocoded speech. This experiment used a task that employed 
alternating testing and training sessions of vocoded speech perception. Measures of English and Spanish 
receptive vocabulary and verbal inhibition were examined as possible predictors of speech perception 
scores. Participants in this study were NH individuals listening to vocoded speech simulating what is 
heard through a CI. NH listeners were studied to better avoid the potential heterogeneity in CI users 




2.2 Age at Testing 
There are fewer studies examining the way that children, rather than adults, understand vocoded 
speech. Existing studies show that from the very young age of 27 months, children are able to recognize 
words in 8-channel noise vocoded speech (Newman & Chatterjee, 2013). Studies comparing this ability 
between children and adults, such as Eisenberg et al. (2000) and Nittrouer et al. (2009), show that young 
children, ranging in age from 5-7 years, are able to understand noise-vocoded speech, but not as 
proficiently as adult listeners. Eisenberg et al. (2000) also included an older child age group, ranging from 
10 to 12 years. These older children performed on par with the adult participants in this study. Thus, we 
can see a potential influence of cognitive and linguistic developmental factors in speech recognition even 
at relatively young ages. 
One aspect of cognitive ability is executive function. Executive function is comprised of 
numerous skills that may be related to speech perception. Some of these skills appear to be fully 
developed by the age of six years, such as working memory (Gathercole et al., 2004). Others, such as 
cognitive flexibility, the mental ability to switch between thinking about two different concepts and to 
think about multiple concepts simultaneously (Scott, 1962), continue to develop throughout adolescence 
(Anderson, 2002). Verbal inhibition is one aspect of cognitive flexibility. This skill is particularly 
important for adaptation to unfamiliar forms of speech, such as accents or speech perceived through a 
vocoder or CI (Bradlow & Bent, 2008).  
 
2.3 Bi/Multilingualism  
Age is not the only factor that impacts the highly variable development of executive function 
skills. Bi/multilingualism also has been shown to facilitate earlier development of some cognitive skills. 
This may be because bi/multilingual listeners necessarily engage in more tasks of selective attention and 
cognitive flexibility in their everyday life by virtue of the fact that they must switch between their known 
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languages in different social situations. Differences between monolingual and bilingual children’s 
performance on the Stroop task (Stroop, 1935) can be seen as early as 24 months of age (Poulin-Dubois, 
2011). In this study, the task was modified such that stimuli measured verbal inhibition by having 
children identify smaller images of fruits superimposed onto larger images of either the same or different 
fruits. As originally produced for adult and older child participants, this measure requires participants to 
report the color of text that is either printed in the same or different color as the text itself. Responses to 
discongruent stimuli (e.g., the word “red” printed in green ink in the case of older children and adults) 
require participants to inhibit their presumed automatic response of reading.  
However, bi/multilingual children have been found to experience linguistic disadvantages when 
compared to their monolingual peers on a variety of tasks. This is particularly noticeable when comparing 
lexical capacity in bi/multilingual individuals and their monolingual peers. In each of their known 
languages, bi/multilinguals tend to have smaller lexicons than monolinguals of these same languages. 
Bi/multilinguals also have greater difficulty in lexical access as compared to their monolingual peers 
(Sullivan et al., 2018; Bialystok et al., 2010). While some studies indicate that this disadvantage is greatly 
reduced by the age of seven years (e.g., Yan & Nicoladis, 2009), others suggest that a meaningful 
difference in vocabulary size can be found throughout the lifespan (e.g., Gasquoine, 2016). It has been 
hypothesized that some difficulties faced by bi/multilinguals come from the need to process both known 
languages simultaneously and the need to continually work to inhibit the language not currently in use 
(e.g., Gasquoine, 2016; Bialystok, 2008). This may explain the longer response times seen in bilingual 
individuals in lexical retrieval tasks, as well as lower accuracy and increased number of tip-of-the-tongue 





2.4 CI Insertion Depth 
Even in optimal circumstances, it is difficult to insert an electrode array into the most apical 
portion of a cochlea. The most apical electrode is often placed near the portion of the basilar membrane 
with best frequencies of 500 Hz (Landsberger et al., 2016). This means that there will be at least some 
degree of frequency-to-tonotopic place mismatch. Auditory stimuli will be delivered to fibers of the 
auditory nerve that are tuned to frequencies higher than those present in the original signal. 
Potential etiological variability may further complicate the physical insertion of a CI. Some 
causes of deafness, such as meningitis, can lead to ossification, which may make it impossible to fully 
insert the electrode array (Lassig et al., 2005). Shallow electrode array insertion is also performed in a 
relatively shorter time period than a standard operation for a deep electrode array insertion. In situations 
where it is preferable for a future CI user to remain under anesthesia for a shorter duration of time, a 
shallower insertion depth may be implemented as well. Shallower electrode array insertion depths may 
also allow individuals with some residual hearing to maintain their normal perception of the lower 
frequencies located at the more apical portion of the cochlea, as implantation destroys any normal residual 
hearing in a hard of hearing (HoH) individual at the points of implantation (Nordfalk et al., 2016). 
This may also make it more difficult to position electrodes near the modiolus. This in turn can 
increase stimulation sensitivity due to its proximity to the spiral ganglia, which are attached to the 
auditory nerve (Balkany et al., 2009). In cases where CIs are inserted at relatively shallow depths, 
tonotopic mismatch is more pronounced (Landsberger et al., 2016).  
The effects of age at testing, bi/multilingualism, and CI insertion depth on speech perception were 
examined in the following study. NH mono- and bilingual children and adults listened to CI simulations 
of both shallow and deep insertion depths. This allowed us to examine the role that these factors may play 
on the learning trajectories of perceiving these two kinds of altered speech. Participants were also tested 
 
 25 
on vocabulary knowledge and verbal inhibition to examine what role these factors may have played in the 
ability to learn to perceive these two forms of distorted speech. 
 
2.5 Experiment 1 
In this study, monolingual and bilingual children (8-10 years), and adults (19-52 years) were 
trained to understand vocoded speech that simulated either a deep (0-mm) or shallow (6-mm) insertion 
depth. These conditions were chosen to allow us to examine speech as perceived through an ideal CI 
implantation (0-mm shift) in which there are no impediments to full insertion of the electrode array as 
well as speech as perceived through a more complex implantation where the electrode array cannot be 
fully inserted into the most accessible apical position in the cochlea.  
To appraise the potential roles of cognitive and linguistic factors in speech perception, 
participants in all four groups were tested on measures of verbal inhibition and receptive vocabulary in 
English. Bilingual speakers of English and Spanish were also tested on receptive vocabulary in Spanish.  
 
Research Questions 
1. Does age (e.g., children and adults) impact learning outcomes of perception of speech vocoded at 
0- and 6-mm degrees of shift? 
2. Does language status (e.g., mono-, bilingualism) impact learning outcomes of perception of 
speech vocoded at 0- and 6-mm degrees of shift? 
3. Does lexical capacity impact learning outcomes in perception of speech vocoded at 0- and 6-mm 
degrees of shift in different age and language groups? 
4. Does verbal inhibition impact learning outcomes in perception of speech vocoded at 0- and 6-mm 




It is hypothesized that improved perception of vocoded speech is unlikely to be solely due to 
developmental differences between children and adults given the results of Waked et al. (2017), in which 
monolingual adults only outperformed children in simulations of deep electrode array insertion. As such, 
it is hypothesized that in conditions of minor distortion, adults are able to use cognitive and linguistic 
skills that may not have fully developed in children in the 8-10 year age range. However, as shown in 
Waked et al. (2017), in conditions of more severe distortion, as in the simulation of a shallow electrode 
array insertion, there will be no distinction between the learning outcomes of child and adult participants. 
As such, it is hypothesized that these factors are no longer available to compensate for perception of 
degraded speech. As such, they no longer provide adult listeners with a significant advantage over the 
speech perception of their child counterparts.   
For the same reason, it is hypothesized that monolinguals will outperform bilinguals within their 
age group. As bilingual speakers may find themselves using different languages or combinations of 
languages in different settings throughout their lifespans, they are likely to have less experience in either 
known language as compared to their monolingual peers. 
 
Figure 4 





It is hypothesized that larger English lexicons and greater verbal inhibition will assist in outcomes 
in vocoded speech perception of English target words in this task. Larger Spanish lexicons will impede 
outcomes in vocoded speech perception of the English target words in this task. Lexical capacity has been 
shown to be a predictor of speech perception (e.g., Geers et al., 2003). As such, it is hypothesized that a 
larger English language lexicon, the language of testing, will lead to improved speech perception. It is 
also hypothesized that a larger Spanish language lexicon may hinder bilingual participants’ success in this 
study. Lexical capacity in each known language in bilingual individuals tend to be smaller than that of 
monolingual speakers of the same language. This is due to the fact that bilingual speakers are exposed to 
fewer lexical tokens in each language as compared to their monolingual peers. They may, however, have 
a similar total number of lexical tokens when known languages are combined (e.g., Anaya et al., 2018). 
As discussed in Chapter 1, some researchers believe that this difference is only found in childhood (e.g., 
Yan & Nicoladis, 2009), others, such as Gasquoine (2016), believe that this difference is likely to persist 
throughout the lifetime as different lexical tokens are consistently associated with different environments 
and situations. This decreases listeners’ ability to access a semantically equivalent token in one language 
when it is more commonly used in their other language.  As such, a higher number of Spanish language 
lexical tokens may be associated with decreased efficiency of lexical retrieval of English target words. 
Target words in the task used in this study are presented within a sentence. The reduced efficiency of 
lexical retrieval in bilingual individuals may hinder access to the full syntactic context of each sentence, 
thus leading to greater difficulty in perception of speech as presented in this study. 
 Verbal inhibition also plays a role in successful language learning and use. When L2 learners are 
most successful, they are often shown to experience a temporary decline in assessments of their first 
language. This may reflect the fact that they are successfully inhibiting interference from their first 
language in order to effectively use an L2 (Linck et al., 2009). Similarly, the increased ability to inhibit 
existing representations of speech relative to their monolingual peers may assist in bilinguals’ ability to 
perceive vocoded speech. This is assumed to be due to the fact that vocoded speech will likely be 
perceived as a new representation for known lexical items that will need to be quickly assimilated into a 
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new form of lexical representation. As such, it is hypothesized that greater verbal inhibition skill will 
improve performance on the speech perception task. 
Method 
Participants: Participants included children (ages 8-10 years) and adults (ages 19-52 years). The age range 
for children in this study was selected in order to more closely replicate Waked et al. (2017). In this study, 
the age range was selected to target the crucial fourth-grade age range in which students transition from 
learning to read to reading to learn (Chall & Jacobs, 2003). Monolingual groups included native speakers 
of English who self-reported exposure to English during at least eighty percent of their day. Bilingual 
groups included native speakers of Spanish who had not been exposed to languages other than English. 
To avoid issues that may be caused by late exposure to an L2, parents of children participating in this 
study reported that their child had been exposed to both English and Spanish from birth. Additionally, due 
to evidence supporting the possibility of a critical period for second language acquisition (e.g., DeKeyser, 
2012), all adult participants self-reported regular exposure to their second language in one or more 
primary areas of their childhood environments by the age of four years. Members of bilingual groups self-
reported exposure to English between 30% and 70% of their day.  
Child participants were recruited using the University of Maryland Infant Database. Many adult 
participants were also recruited through this database as parents of child participants. The remaining adult 
participants were recruited through the University of Maryland Department of Psychology research 
recruitment system. All child participants were financially compensated for their time and received small 
toys and prizes throughout the duration of testing. Adult participants received either financial 
compensation or course credit as compensation for participating in this study.  
Vocoded speech testing:  Prior to engaging in this study, all participants received a hearing screening to 
ensure that their hearing thresholds were at 20 dB-A or lower for frequencies ranging from 250-8,000 Hz. 
The procedure for the first session took place over a two-hour period and consisted of five testing blocks. 
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During testing blocks, participants were asked to identify vocoded speech simulating both 0- and 6-mm of 
tonotopic shift. The 0-mm condition simulated a deep insertion depth of a CI electrode array (less 
distortion) and a 6-mm shift simulated a shallow insertion depth of a CI electrode array (greater 
distortion). Following each of the first four testing sessions, participants were trained on stimuli 
simulating a 6-mm shift. No training took place following the final fifth test.  
 
Figure 5 
Computer interface for the speech perception portion of the experiment 
 
 
Training included simultaneous visual and auditory feedback. Accurately perceived targets words 
were highlighted in green and inaccurately perceived target words were highlighted in red. Inaccurately 
selected words were highlighted in blue. Simultaneous to this visual feedback, participants also received 
auditory feedback. Each target sentence was first played in the unprocessed condition, followed by 
repetition of the same sentence in the 6-mm shifted condition (Davis et al., 2005; Stacey & Summerfield, 
2007, Waked et al., 2017). Participants heard each of the two conditions 20 times for a total of 40 
randomized repetitions.  
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The study began with a baseline testing session with vocoded conditions at both 0- and 6-mm of 
shift. For child participants, three trials of unaltered speech were administered prior to the testing 
condition to ensure that participants understood the basic requirements of the study. Stimuli were 
delivered via Sennheiser, HD650, circumaural headphones. All testing took place in a double-walled, 
sound-attenuated booth. Child participants were accompanied by an experimenter to ensure proper control 
of the computer interface and to keep participants on task. Trials were participant-led and both began and 
ended with a button press. 
Vocoded speech testing generally followed the procedure of Waked et al. (2017). Stimuli in both 
experiments consisted of a phonetically balanced matrix of words (Kidd et al., 2008), shown in Figure 4. 
This closed set of words was presented in an 8×5 matrix where one word from each column was heard 
during each trial. This matrix included five columns of words in English. Each of these columns 
contained eight words. The first column consisted of proper names, the second of verbs, the third of 
numbers, the fourth of adjectives, and the last of nouns. These five words were presented together as 
simple sentences, such as ‘Jane gave two red bags.’ This corpus was selected because it consists of 
elementary-level words as determined by Kidd et al. (2008) in order to ensure that reading comprehension 
was unlikely to be a factor in the assessment of speech perception of child participants. Words were 
spoken by a single female speaker. All stimuli in this portion of the experiment was presented via 
computer interface. 
In the vocoding process, fourth-order Butterworth filters were used to band-pass filter stimuli into 
eight channels. The corner frequencies were logarithmically spaced and covered a 200 to 5000 Hz frequency 
range. This range was chosen to prevent the central frequencies of the shifted condition from exceeding the 






0- and 6-mm shifted center frequencies 
 
Unshifted Center Frequency (Hz)  Shifted Center Frequency (Hz) 
244.57      748.16 
365.72       1025.69 
546.87      1440.70 
817.77       2061.28 
1222.84      2989.26 
1828.58       4376.92 
2734.36     6451.95 
4088.83     9554.85 
 
Speech envelopes were extracted using a 2nd-order low-pass filter with a 32-Hz cutoff frequency. 
These were used to modulate sine-tone carriers. A relatively low envelope cutoff was used to prevent 
sidebands generated by the modulations from being spectrally resolved (e.g., within a single auditory filter) 
as resolved sidebands greatly improve vocoded speech perception (Souza & Rosen, 2009) and would have 
introduced a potential confound for the shifted stimuli. Carrier frequencies were linearly shifted by 0 or 6 
mm using the Greenwood (1990) formula. A loudness correction was used for the shifted conditions to 
diminish differences in performance across the conditions based on level or audibility of the speech 
information. The loudness compensation adjusted the level by 50% between the threshold for the unshifted 
and shifted carrier frequencies. Threshold was based on the minimum audible field curve (Faulkner et al., 
2003). Stimuli were synthesized by summing the channels into the acoustic waveform and then normalized 
to have equal root-mean-square energy as the unprocessed speech. Because a previous study found no 
difference in perception between simulations of the medium array insertion of 3-mm and the short array 
insertion of 6-mm (Waked et al., 2017), only the 0- and 6-mm conditions were used in this study. We chose 
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to use the 6-mm condition for both training and testing conditions as it has previously been used in other 
existing literature (e.g., Rosen et al., 1999).  
Linguistic and cognitive testing: During the second visit, tasks consisted of receptive vocabulary 
measures in English and/or Spanish and a measure of verbal inhibition. The goal of these measures was to 
examine possible effects of these factors on overall performance in the speech perception portion of the 
experiment across groups.  
Receptive vocabulary in English was measured using the Peabody Picture Vocabulary Test-
Revised (PPVT-R) (Dunn, 1981). Bilingual participants also completed the Test de Vocabulario en 
Imagenes Peabody (TVIP) (Dunn et al, 2010), the approximate Spanish language equivalent to the PPVT-
R. To improve consistency, tests were administered using stimuli prerecorded by a male native speaker of 
either Spanish or English. Rather than using the typical method of scoring using either standard scores or 
percentiles, raw scores were used to assess each of these measures. As this method of scoring differs from 
that of the normed, standardized scoring measures, this may potentially weaken the reliability of these 
measures used in our study. This presents a potential weakness of our study in which the reported scores 
do not necessarily accurately reflect the receptive vocabulary skill of the participants of this study 
(Williams, 1999).  
The Stroop Test was used to assess verbal inhibition as another possible source of variability. 
This task was presented on an iPad and required participants to select the color in which a word was 
written while ignoring the written name of a color. This task included both congruent and discongruent 
stimuli. Because of the automatization of the reading process and the strength of the association between 
colors and their names, participants were required to inhibit their inclination to respond with the text of 
the word rather than the color of the font in which it was written (Stroop, 1935). As preliminary testing 
indicated that only the accuracy of discongruent stimuli in this test significantly impacted speech 
perception outcomes, the percentage of correctly identified discongruent stimuli was used as the measure 
of inhibition in this study. This method was used rather than the typical scoring method of calculating the 
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difference in reaction time between correct responses of congruent and discongruent stimuli. As this is not 
the standardized, normed method of scoring, this may also reduce the reliability of our testing, potentially 
inaccurately assessing participants’ verbal inhibition skill (Jensen, 1965).  
 
Results  
Results for this study were calculated using mixed-effect modeling with all predictor variables 
centered and standardized to improve convergence. This form of modeling allowed us to account for both 
random and fixed effects (Walker et al., 2019). All models were run using the software R Studio. 
 
Main Effects:  
 
Figure 6  
 
Average responses for adult and child listeners as a function of block number. Error bars represent ±1 
standard error. Standard error values under 1.5 are not visible in this figure. Error bars are not visible in 







Table 2  
Descriptive statistics of child and adult data at 0-mm at post-test in RAU 
 
   Monolingual Child Bilingual Child Monolingual Adult Bilingual Adult 
Number of Participants 21  20  21  19 
Mean   102.19  91.29  105.52  103.90   




Table 3  
Descriptive statistics of child and adult data at 6-mm at post-test in RAU 
 
   Monolingual Child Bilingual Child Monolingual Adult Bilingual Adult 
Number of Participants 21  20  21  19 
Mean   56.58  51.54  44.01  43.21   
Standard Deviation  20.63  20.82  24.71  26.12 
 
 
Two models were built to examine whether main effects of age or language group could be found 
in each of the two conditions of shift. Prior to constructing these models, all factors, including predictor 
variables added in the following section, were tested for possible correlations. No correlations were found 
between any variables. In these models, both age and language group were used as fixed effects. The 
block number (pre-test and post-test) and degree of shift (0- and 6-mm) were also used as fixed effects in 
each model. These models were built using the dependent variable, “test score,” which included the 
scores of the first and final runs of testing in the two conditions of shift. Due to the high number of tests 
run in both the analysis of main effects and predictor variables, only scores at p < 0.0001 were considered 
to be significant.  
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In the first model, monolingual adults were used as the reference group. As such, all results 
pertain specifically to this group, but were extrapolated to the other three groups. 
 
Table 4  
Fixed effects of age and language group with monolingual adults as the reference group 
 
                               Estimate         Std. Error                    df               t-value                   P (>|t|)     
(Intercept)                       1.77                  3.78            9.45         18.98                   < 2e-16 * 
Language Group                        -1.54                  5.34            219.45          -0.28                        0.77     
Age Group                              4.92                  5.218            9.45           0.94                         0.34     
Post Test                             30.42                  4.43             213.00           6.86 `                 7.19e-11 * 
6-mm Shift                          -50.70                4.43             213.00         -11.44                  < 2e-16 * 
Language Group x Age Group                   1.03                 7.6493             219.45           0.136                        0.89     
Language Group x Post-Test                 -9.35                 6.26            213.00                  -1.49                          0.13     
Age Group x Post-Test                       -1.59                 6.11             213.00                   -0.26                         0.79     
Language Group x 6-mm Shift                 2.97                 6.26             213.00                    0.47                          0.63     
Age Group x 6-mm Shift                     -9.14                 6.11            213.00                    -1.49                         0.13     
Post Test x 6-mm Shift                      5.10                 6.26             213.00                    0.81                          0.41     
Language Group x Age Group Post-Test             8.24                 8.96             213.00                    0.91                          0.35     
Language Group x Age Group x 6-mm shift          -0.19                 8.96             213.00                    -0.02                         0.98     
Language Group x Post Test x 6-mm Shift           2.88                 8.86             213.00             0.32                          0.74     
Age Group x Post-Test x 6-mm Shift               -6.75.                 8.65.                         213.00            -0.78                         0.44     
Language1 x Age Group x Post-Test x 6-mm Shift     -4.839.                 4.12.67                       1 3.00                       -0.382.                         0.70      
 
 
As shown in Figure 6 above, participants were found to significantly improve over the course of 
the study and the 6-mm shifted task was found to have significantly lower scores than the 0-mm shifted 
task. These results were both significant at p < 0.0001. No significant main effects of language or age 
were found through this model. 
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As there were no significant interactions in the above model, it could be assumed that these 
results extended to all other groups included in this study. However, to confirm this, a second model was 
constructed using bilingual children as the reference group.  
 
Table 5  
Fixed effects of age and language group with bilingual children as the reference group 
 
                                                                                                       Estimate          Std. Error               df                  t-value         Pr(>|t|)     
(Intercept)                                                                                         76.18                4.12                  219.45               18.48      < 2e-16 * 
Language Group                                                                               0.50                  5.46                  219.45               0.09                0.92     
Age Group                                                                                         -5.95                 5.59                  219.45               -1.06              0.28     
Post-Test                                                                                            27.71                 4.82                  213.00               5.73            3.27e-08 * 
6-mm Shift                                                                                        -57.07                4.82                  213.00               -11.81    < 2e-16 * 
Language Group x Age Group                                                         1.03                    7.64                 213.00                0.13              0.89     
Language Group x Post-Test                                                             1.11                    6.41                 213.00                0.17              0.86     
Age Group x Post-Test                                                                      -6.64                   6.55                 213.00                -1.0               0.31     
Language Group x Post-Test                                                             -2.78                   6.41                 213.00                -0.43             0.60     
Age Group x 6-mm Shift                                                                    9.33                    6.55                 213.00                1.42              0.15     
Post-Test x 6-mm Shift                                                                       -3.61                   6.83                 213.00                -0.52             0.59     
Language Group x Age Group x Post-Test                                        8.24                    8.96                 213.00                0.91               0.35     
Language Group x Age Group x 6-mm Shift                                     -0.19                  8.96                 213.00                -0.02              0.98     
Language Group x Post-Test x 6-mm Shift                                        1.96                    9.06                 213.00                0.216             0.82     
Age Group x Post-Test x 6-mm Shift                                                  11.59                  9.27                 213.00                1.25               0.21     
Language Group x Age Group x Post-Test x 6-mm Shift                   -4.83                  12.67               213.00                -0.38              0.70     
 
 As was found with the previous model, bilingual children are found to improve over the course of 
testing and to score higher in the 0-mm condition relative to the 6-mm condition. 
 
Predictor Variables: In this study, three variables were considered as possible predictors of test scores. 
These included the independent variables of English vocabulary, Spanish vocabulary, and verbal 
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inhibition. English vocabulary was tested through the PPVT-R, Spanish was tested through the TVIP, and 
verbal inhibition was tested through the Stroop Test. Variables were added one at a time to each of the 
two models above. English vocabulary was first added, and was not found to improve model fit. As such, 
this variable was not included in the construction of further models. The variable Spanish Vocabulary was 
also not found to improve model fit, and as such was also excluded from further models. The final 
variable added was Stroop test score. This variable also was not found to improve model fit for either of 
the models constructed. As such, it can be determined that none of these variables significantly impacted 
speech perception in this study.  
 Following model testing, Pearson r correlations were conducted to determine whether any 
correlational relationships existed between speech perception scores and the three predictor variables for 
each of the four groups tested. Only one significant correlation was found. As shown in Figure 7, raw 
scores of the PPVT-R were found to significantly correlate with speech perception scores in the 0-mm 







Correlations of scores on the PPVT-R and post-test scores in the 0-mm shifted condition. Dashed line 




Follow-up analysis: As the findings of the main effects of this study do not replicate what has been found 
in previous literature comparing vocoded speech learning by monolingual adults and children (Eisenberg 
et al., 2001; Nittrouer et al., 2009; Waked et al., 2017), a brief follow-up analysis was performed to 
account for a possible effect of age at the time of testing. Adults in the primary study ranged in age from 
19-52 years, whereas adults in previous studies have ranged in age from approximately 18-25 years. A 
repeated measures ANOVA showed that scores at both 0- and 6-mm of shift in adults age 25 years or 
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lower was not significantly different than those above the age of 25 years at p = 0.47 for the 0-mm shift 
condition and p = 0.43 for the 6-mm shift conclusion; however, a follow-up study was conducted to more 
accurately replicate previous work. 
In the follow-up study, the monolingual children from the primary study were compared to a 
group of twenty-one monolingual, young adult participants. This group was comprised of twelve 
participants of the primary experiment between the ages of 18 and 25 years and an additional nine 
monolingual participants in this age range who were tested after the initial period of data collection. In the 
following model, age, shift, and run number were used as fixed variables. Test score was used as the 
dependent variable, and adults were used as the reference group.  
 
Figure 8  
Average responses for monolingual young adult and child listeners as a function of block number. Error 
bars represent ±1 standard error. Standard error scores below 1.5 are not visible in this figure. Error bars 






Table 6  
Descriptive statistics of monolingual child and young monolingual adult post-test scores at 0-mm in RAU 
 
    Monolingual Child  Monolingual Adult  
Number of Participants  21    21   
Mean    102.19    108.41    
Standard Deviation   11.92    10.01   
 
 
Table 7  
Descriptive statistics of monolingual child and young monolingual adult post-test scores at 6-mm in RAU 
 
    Monolingual Child  Monolingual Adult  
Number of Participants  21    21   
Mean    56.58    58.94     





Fixed effects of age and language group with monolingual children and young monolingual adults 
                     Estimate   Std. Error        df   t-value  Pr(>|t|)     
(Intercept)           71.71       4.23  129.10    16.94        < 2e-16* 
Age Group                   6.324       5.84   129.10     1.08  0.28     
Post-Test                  30.42       4.38   342.00     6.94         1.95e-11 * 
6-mm Shift               -50.70       4.38   342. 00   -11.57      < 2e-16 * 
Age Group x 6-mm Shift          -4.07       6.04   342.00    -0.67  0.500     
Post Test x 6-mm Shift           5.10       6.19   342.00     0.82  0.41     
Age Group x Post-Test x 6-mm Shift     0.21       8.55   342.00     0.02  0.97     
 
As with the original group of monolingual adults from a wider age range, no significant 
differences were found between child and young adult participants in the either condition of vocoded 
speech, despite the visible difference in the 0-mm condition shown in Figure 8. This is inconsistent with 
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the results found in Eisenberg et al. (2000) as well as Waked et al. (2017). Because the current experiment 
replicated the methods of Waked et al. (2017) an ANOVA was conducted in order to replicate the method 
of calculation used in that study. Results remained insignificant at both degrees of shift with a 0-mm shift 
x age group interaction at  p = 0.67 and a 6-mm shift x age group interaction at p = 0.69. 
Despite using similar methods, these results do not replicate those of Waked et al. (2017). In the 
2017 study, these measures were used to examine differences between monolingual young adults and 8-
10 year old children at 0-, 3-, and 6-mm of shift, as shown in Figure 9. In this study, adults were found to 
significantly outperform children at 0-mm of shift. No such difference was found in the current study.  
While there is no significant difference between child and adult participants at 6-mm of shift in the 
current study, there is also no significant difference between the scores of child and adult participants at 
0-mm shift in these two studies as measured by a repeated measures ANOVA, where p is insignificant at 




Average responses for monolingual young adult and child listeners as a function of block number. Error 











Average responses for monolingual young adult and child listeners as a function of block number in both 
the 2017 and current study. Error bars represent ±1 standard error. Standard error scores below 1.5 are not 
visible in this figure. 
 
2.6 Discussion 
This study aimed to investigate the roles of bilingualism and age on perception of vocoded speech 
simulating both a deep (0-mm) and shallow (6-mm) CI electrode array insertion in NH children and 
adults. The task alternated testing and training sessions of vocoded speech perception. This study also 
investigated factors thought to play a possible role in perception of these forms of vocoded speech, 
including lexical capacity in English and/or Spanish as well as scores of verbal inhibition. These variables 
probe the potential role of cognitive and linguistic systems of bilingual individuals, which include 
improved executive function of bilingual individuals relative to their monolingual peers (e.g., Bialystok, 
1987, Weiseheart et al., 2016) and of adults relative to their child counterparts (Cragg, 2016). These 
variables also include the bilingual linguistic disadvantage, as shown through reduced numbers of lexical 
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tokens in each known language, potential lexical gapage, and greater difficulty of lexical access of 
bilingual individuals relative to their monolingual peers (e.g., Sullivan et al., 2018; Bialystok et al., 2010).   
One aim of this study was to discover if age and language groups impact the learning trajectory of 
perceiving speech vocoded at 0- and 6-mm degrees of shift. In this study, no significant age effects were 
found. Based on the results of Waked et al. (2017), we hypothesized that adults would outperform 
children within their language group wherever they were able to use their greater linguistic knowledge 
and experience to better perceive distorted speech. In this earlier study, adults significantly outperformed 
children in conditions of 0-mm shifted vocoded speech. This result was not found in conditions of 3- and 
6-mm speech. As such, it was concluded that in conditions of minor distortion, adults are able to use 
cognitive and linguistic skills that may not have fully developed in children in the 8-10 year age range. 
This study concluded that this greater linguistic knowledge and experience was only available to adults in 
conditions of minor distortion, as found in the 0-mm shifted condition. In conditions of more severe 
distortion, as in the simulation of medial (3-mm) and shallow (6-mm) electrode array insertion, these 
factors were presumed to no longer be available to assist in the perception of degraded speech. As such, 
they no longer provided adult listeners with a significant advantage over the speech perception of their 
child counterparts.  
The current experiment failed to find the significant difference between young adult and child 
participants found in Waked et al. (2017). This indicates that there may be some slight differences 
between the two child groups in these studies. One key difference between these two studies is the 
presence of the 3-mm shift condition, which was not included in the current study. It is possible that the 
presence of greater diversity in testing conditions may have led to greater fatigue and distraction in 
children relative to their adult counterparts in Waked et al. (2017). Children in the tested age group have 
been shown to perform less successfully when asked to focus on a greater number of stimuli as compared 
to their adult counterparts (Chavual et al., 2017). It is possible that reducing the number of conditions 
removed a portion of the cognitive load placed on children in Waked et al. (2017) in the current study. As 
 
 44 
such, although the same number of trials were included in the current study under both testing and 
training conditions and the same number of trials were used in both studies, the actual outcome of the 
studies may have differed due to the decreased cognitive load in the current study. This may suggest that 
the conclusions of Waked et al. (2017) were incomplete. The conclusion of the previous study may also 
have been under-informed due to the fact that stimuli were comprised of syntactically correct sentences 
that were essentially devoid of meaning. Had context cues been included, the role of linguistic knowledge 
and experience in children and adults may have been better examined. 
Another factor that may have led to the null results found in this study is the fact that it was likely 
underpowered. A post-hoc power analysis indicated that in order to avoid type two errors at 80% 
probability, 77 participants would have been required in each of the four groups tested. However, in this 
study, groups ranged between 19 and 21 participants. As such, it is very likely that had more participants 
been tested, effects of age and language group would have a greater likelihood to be found.  
Age at the time of testing may also have impacted the results of this study in ways not evaluated 
by previous literature, such as Eisenberg et al. (2000), Nittrouer et al. (2009) and Waked et al. (2017). In 
Nittrouer et al. (2009), seven-year-old monolingual children were shown to perform more poorly than 
adult monolingual participants in conditions of 4-channel noise-vocoded speech. In Eisenberg et al. 
(2000), two groups of children were studied. These groups consisted of one group of 5-7 year olds and 
another group of 10-12 year olds. In this study, only younger children were found to perform more poorly 
on measures of more severely degraded conditions of vocoded speech perception than both adult and 
older child participants. As the current study was in part intended to test the replicability of Waked et al. 
(2017), ten-year-old children were included in the tested age group. Had only younger children been 
tested, age differences might have been found. 
Age effects and lack of context in stimuli, as well as the failure to examine word frequency and 
neighborhood effects, may also account for the lack of any significant difference found between 
monolingual and bilingual participants (Massingham, 2018).  It was hypothesized that as bilingual 
speakers often find themselves using different languages or combinations of languages in different 
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settings, this would lead participants to have less experience in either known language as compared to 
their monolingual peers. Had stimuli in this study examined context and word frequency rather than 
semantically empty sentences, potential differences between monolingual and bilingual groups may have 
been found. Including sentences with greater semantic context may have allowed us to better understand 
the role of top-down processing, by which participants may have been better able to construct a 
conceptual representation of the stimulus. This context might improve speech perception outcomes by 
allowing participants to fill in any perceptual gaps caused by misheard words. The role of semantic 
context might also be examined by varying the availability of syntactic context, which would better 
isolate the role of semantic context in speech perception. 
Another factor that may have impacted this study is the fact that all bilingual participants were 
exposed to both English and Spanish at an early age. All bilingual children were regularly exposed to both 
Spanish and English at birth and all bilingual adults were exposed to both languages by the age of four 
years. Tabri et al. (2010) found no significant difference between monolingual and early bilingual adult 
speakers in conditions of speech perception in noise. Differences were, however, found between these 
two groups and late L2 learners. It is possible that monolingual and early bilingual listeners respond 
similarly to other forms of difficult speech perception, including vocoding. As such, we cannot conclude 
that the factor of bilingualism alone can predict differences in vocoded speech perception between 
monolingual and bilingual individuals.  
In addition to examining how age and bilingualism impact the learning trajectory of perceiving 
speech vocoded at 0- and 6-mm degrees of shift, we also sought to examine ways that English and/or 
Spanish lexical capacity and verbal inhibition might have impacted this learning. It was hypothesized that 
increased English lexical capacity and verbal inhibition would assist in outcomes of vocoded speech 
perception. It was also hypothesized that increased scores of Spanish lexical capacity would impede 
speech perception outcomes of the English-language stimuli used due to the act that this would indicate 
greater overall lexical capacity in Spanish. No significant effects of either vocabulary knowledge in either 
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language or verbal inhibition were found on the post-test scores of any of the four groups tested at either 
degree of shift. 
Verbal inhibition was measured by the Stroop test. In this study, verbal inhibition showed no 
significant effect on speech perception scores for any group. This test was measured using accuracy 
scores of discongruent trials on the Stroop test, as preliminary testing showed no significant effect of 
accuracy or reaction time of congruent trials, the reaction time of either congruent or discongruent trials, 
or the time difference between these two types of trials. As such, it was determined that these other 
measures should be removed from calculation in this study to reduce potential variance.  However, to 
accurately calculate the Stroop effect, the difference in reaction time between congruent and discongruent 
stimuli should have been examined. Accuracy is a binary measurement. Subtler differences may have 
been found between groups had reaction time been used. Reaction time allows for the observation of 
greater variability than the use of accuracy alone. Without reaction time, the measure does not present the 
actual Stroop effect. As such, verbal inhibition as examined in this study does not actually use the Stroop 
test as it was intended. Reliability of this measure may have been reduced and potentially miscalculated 
the verbal inhibitory skill of participants. Had a different decision been made regarding how to best assess 
verbal inhibition while reducing potential variance, different results may have been found.   
This measure of verbal inhibition, the Stroop test, was chosen due to the fact that stimuli in this 
study consist of auditorily presented verbal stimuli. However, it is possible that using a verbal measure of 
inhibition may have acted as a confounding factor in determining the effect of inhibition on speech 
perception. This is due to the fact that using two measures of the same type of processing may have led 
the measure testing inhibitory skill to account for variance in scores in the speech perception portion of 
this study. As such, it may have been more prudent to use a different measure of inhibition, such as the 
go, go-no measure of motor inhibition, in which participants are instructed to physically react to all 
stimuli presented on a screen aside from one particular image. When presented with this image, 
participants must inhibit themselves from the automatic physical response they have been instructed to 
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give when presented with any other stimuli. By testing a different type of stimuli, this potential confound 
could have been avoided. 
In addition to null effects of verbal inhibition in relation to speech perception outcomes, no 
significant effects of lexical capacity in either Spanish or English were found to effect speech perception 
in any age or language group in this study. Previous research indicates that lexical capacity significantly 
improves speech perception (e.g., Geers et al, 2003). In this study the PPVT-R and the TVIP were used to 
measure receptive vocabulary in English and Spanish respectively. These tests measure decreasingly 
frequent lexical tokens where target words are presented auditorily and must be matched to one of four 
visually presented images. Following presentation, participants are required to select an image that 
semantically relates to the auditory stimulus. These tests were chosen as they can be used to study both 
child and adult populations and are equivalent to one another in methodology across both English and 
Spanish. However, it is important to note that all measures were scored atypically. For the PPVT-R/TVIP, 
either standard scores or percentiles are typically used to assess performance. However, in this study, only 
raw scores were used. As such, these scores are not normed to the appropriate ages of individual 
participants relative to their peers of the same age, decreasing the reliability of this measure. It is possible 
that, had traditional scoring methods been used, an effect of lexical capacity might have been found. 
In post-hoc correlations, scores on the PPVT-R were found to significantly positively correlate 
with post-test scores of only bilingual children in the 0-mm condition. Greater exposure to English in the 
home environment has been linked to greater scores of speech perception in bilingual speakers exposed to 
English at a young age (Tao & Taft, 2017). It is possible that bilingual child participants with larger 
English lexical capacities may also have greater exposure to English in their home environment than 
those with smaller English lexical capacities. Greater amounts of exposure may also lead to greater 
comfort and familiarity with perception of speech in English. Bilingual participants in this study were 




It is possible that participants who are exposed to English for a greater percentage of their day 
have improved speech perception in English relative to other members of the bilingual groups tested. This 
increased exposure may have helped some bilingual children to outperform group members with lower 
levels of English language exposure. As such, future analyses of this potential relationship should include 
a regression of the degree of exposure to English and perception of speech vocoded at 0-mm of shift. It 
may also be prudent to examine the role of other, non-verbal linguistic factors on bilingual children’s 
perception of vocoded speech. The current experiment effectively examined syntactic context as 
sentences used were devoid of meaning. In addition to examining the role of syntactic context, it may also 
be worthwhile to investigate the role of intonation and other linguistic cues in perception of vocoded 
speech in bilingual children. 
The fact that an effect of receptive vocabulary in English was found on perception of vocoded 
speech may indicate a potential area of concern for bilingual children who are CI users. In order to 
improve speech perception scores in English, greater lexical capacity in this language is needed. 
However, in order to improve this lexical capacity, participants must both be exposed to English lexical 
tokens as well as have the auditory ability to accurately perceive these words. Yet to better auditorily 
perceive these lexical tokens, participants may require greater lexical capacity. This leads to a circular 
effect in which speech perception impacts lexical knowledge while lexical knowledge impacts speech 
perception.  
In NH monolingual children, perception of sounds present in their target language during infancy 
has predicted later vocabulary growth. These early phonological representations appear to form the basis 
of later speech perception, which in turn allow for later lexical acquisition. In NH bilingual infants, the 
ability to differentiate between the sounds of their two native languages becomes apparent by the age of 4 
months (Werker, 2012). For NH bilingual children exposed to both Spanish and English from birth, the 
ratio of early English to Spanish exposure predicts later vocabulary size in each language (Kuhl, 2009, 
Silven et al, 2014).  The majority of studies of bilingual language acquisition in CI users does not include 
exposure to two oral/aural languages; however, in studying bilingual Spanish-English bilingual CI users 
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implanted by the age of 36 months, Yim (2012) found that scores on the PPVT-IV (Dunn, 1988) improved 
with age, duration of implantation, and the amount of home exposure to the target language, English. 
These results indicate that early exposure to the phonemic components of an L2 improve later receptive 
vocabulary knowledge in bilingual children who use CIs. Future studies may be used to investigate the 
role of early phonological perception in bilingual CI users on later lexical capacity in both expressive and 
receptive vocabulary as well as the role of phonological perception following implantation on speech 
perception at later ages.  
The current study similarly used a version of the PPVT to examine receptive vocabulary in both 
bilingual and monolingual participants in all four age x language groups. As testing with this measure 
begins with more frequent words of English followed by progressively less frequent words, scores in 
bilingual participants of both age groups may have been impacted by knowledge of the lexical tokens 
more frequently used in monolingual English home environments. As discussed in Chapter 1, Cummins 
(2008) specified two different types of lexical categories likely to be encountered by bilinguals. BICS is 
used to describe conversational fluency of bilingual students in a language, and CALP is used to describe 
bilingual student’s ability to use concepts in their L2 related to educational success. For bilingual listeners 
with less exposure to English in the home, terms that are likely to influence BICS are more likely to 
belong to the lexicon of their heritage language. Without a solid foundation of BICS in English, L2 
learners of English are at a greater disadvantage of acquiring terminology related to CALP.  For child 
participants, both the PPVT-R and TVIP begin at an earlier point in the task, where words more frequently 
found in in the BICS category of lexical items are used. Adult participants begin testing at a later stage of 
the task, where words more frequently found in the CALP category of lexical items are used. This may 
partially explain why no effect of PPVT-R scores on perception of 0-mm shifted speech were found in the 
NH bilingual adults tested in the current study. This may have caused the test to be a less appropriate 
measure of the total English lexical capacity of bilingual adults as compared to their child counterparts. 
As adults in both language groups were predominately at ceiling in the assessment of the PPVT-
R, it is quite likely that this task may also have simply been too easy to adequately measure vocabulary in 
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this age group. For adult participants, there are other measures that may have more accurately assessed 
participants’ lexical knowledge in English. One such type of task measures verbal fluency and is often 
measured using the Controlled Oral Vocabulary Test (COVT). In this measure, participants are given one 
minute to produce lexical items corresponding to a given phonemic item (e.g. /f/) (Tarlow and Sellers, 
2001). This task is most frequently scored using the total number of items produced, but can also be 
scored using the number and length of clusters of word from the same semantic category (e.g., types of 
food), as well as the number of semantic categories of lexical items produced (Moscovitch et al., 1998). 
Another potential vocabulary assessment is a yes-no vocabulary test in which participants are auditorily 
presented a series of words and phonemically permissible non-words. Participants are asked to verbally 
respond to auditorily presented stimuli by indicating if they believe the stimulus to be a real word by 
responding with either yes or no. This task uses signal detection theory, meant to correct for falsely 
selected guesses and participant response style. Response style includes both phonetic and semantic 
clustering (Huibregtse et al., 2002). 
It is also possible that vocabulary was not sufficient to measure speech perception of English in 
this study, as a closed selection of target responses was used in the task. These words were intended to be 
accessible to children at an elementary school level (Kidd, et al., 2008). As such, the size of participants’ 
lexicons may not have been entirely relevant to this task. A more accurate measure might have included 
one of listening comprehension, such as the Test of English as a Foreign Language (TOFEL) and TOFEL 
Junior Listening Tests. These tests measure listening comprehension by playing a short, pre-recorded 
paragraph at an age appropriate level, following which participants are asked to answer a series of 
questions related to the auditorily presented material. This may have assessed a linguistic skill that is 
more related to the task. Although there is minimal need for semantic comprehension in the generally 
semantically nonsense sentences presented, a listening test in clear, unprocessed speech may have 
provided better insight into participants’ ability to listen and retain auditory information in English, as 




From this study, it is not possible to conclude whether early bilinguals and monolinguals perform 
differently in learning to perceive 0- and 6-mm vocoded speech or whether the two adult groups perform 
significantly differently to their child counterparts in the 8-10 year age range. Future research with child 
participants of a younger demographic and bilingual participants exposed to their L2 at a range of ages 
may show differences that are not apparent in the present study. Supplementing the PPVT/TVIP with 
either more effective vocabulary measures or a listening comprehension task may also show both overall 
and group impacts that were not discovered in this study. Use of the recommended means of calculating 
verbal inhibition via the Stroop task may provide more accurate insight into the role of verbal inhibition 
on perception of vocoded speech perception. Using different stimuli more adequately suited to assessing 
vocabulary in adult participants as well as a measure of inhibition examining non-verbal stimuli may also 
have provided a clearer result pertaining to the effect of these factors on vocoded speech perception, as 
using this verbal measure may have accounted for some variance in the speech perception measure used. 
By incorporating these changes, a more nuanced and accurate account of possible impacts of age, 
bilingualism, linguistic knowledge, and verbal inhibition on perception of speech simulating deep and 




Chapter 3: Facilitating Lexical Access in Degraded Speech Perception 
3.1. Overview 
As discussed in Chapter One, in adverse listening conditions, external factors such as background 
noise (Tabri et al., 2010) and reverberation (Rogers et al., 2006) cause bilingual individuals to experience 
more difficulty in speech perception than their monolingual peers. Although this difference was not found 
among participants in the experiment discussed in Chapter Two, this may be due to the fact that all 
bilingual participants were exposed to their L2 early in their lives. Tabri et al. (2010) found differences in 
speech perception in noise to be worse for bilinguals who were exposed to their L2 later in life.  
 In this chapter, I discuss existing literature examining the role of age of acquisition for L2 
learners, models of bilingual lexical access, and lexical neighborhood effects. Additionally, I conduct an 
experiment that aims to expand our understanding of the role of age of acquisition in bilingual individuals 
on the ability to learn to understand vocoded speech. This experiment consisted of a task in which target 
words were presented either in isolation or at the end of sentences. Words in isolation were classified as 
either “easy” or “hard” based on their phonological and semantic neighborhood density. Target words at 
the ends of sentences were classified as either high-context or low-context based on the semantic 
predictability of the preceding sentence content. Participants were tested on a vocoded simulation of what 
is heard through the implantation of a CI electrode array, similar to what was discussed in Chapter 2 in 
the 0-mm shift condition. As in Chapter 2, participants were tested on language skill; however, a reading 
comprehension task was used to better represent the influences of context and neighborhood effects (Van 
Assche et al., 2016).  As described in Chapter 2, participants were also tested on verbal inhibition ability 




3.2. Effects of word frequency and lexical neighborhoods on speech perception  
The ability to quickly and accurately identify words in real time during a continuous stream of 
speech is critical to conversational speech perception. Even for NH monolingual listeners, this task 
becomes more difficult for words that appear less often in both spoken and written language (e.g., Chee et 
al., 2003; Rudell & Hu, 2000). These words are referred to as lower in frequency. Speech perception also 
becomes more difficult for words that share phonological and/or semantic properties with a greater 
number of words (e.g., Garlock et al. 2001; Laszlo et al., 2009; Prabhakran et al., 2006). These words are 
referred to as greater in neighborhood density. For the purposes of this study, words that are higher in 
frequency while also lower in neighborhood density will be referred to as easy words. Words that are 
lower in frequency while greater in neighborhood density will be referred to as hard words (Kirk et al. 
1995). 
In NH bilingual individuals, some studies on neighborhood effects have been orthographic, and 
used visually presented written words (e.g., Van Heuven et al., 1998). Others have examined the tip of the 
tongue phenomenon (TOT), in which an individual fails to retrieve a word, but is able to retrieve some 
parts of either its semantic or phonetic form [e.g., responding “It rhymes with ‘can’” when the target word 
is “ban” (Yan & Nicoladis, 2009)]. Other studies of bilingual lexical access have examined various forms 
of responses to cognates, words from differing languages that share both phonological form and meaning 
(e.g., the English word, “abrupt”, and the Spanish word, “abrupto”), and interlingual homographs, words 
from differing languages that share phonological form but have different meanings (such as the English 
word, “exit”, and the Spanish word, “exito”, translating to the English word, “success”) (e.g., Dijkstra et 
al., 1999). When studying cognates and interlingual homographs, it is impossible to compare lexical 
retrieval in bilingual individuals with those of monolinguals, as one must know two or more languages to 
recognize the phonological form and/or semantic meaning of words across languages.  
The roles of neighborhood density and frequency on lexical retrieval have been studied in 
monolingual child CI users. In these studies, participants have had greater accuracy in easy words as 
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compared to hard words (Eisenberg et al., 2002; Kirk et al., 1995; Kirk et al., 1998; Kirk et al., 1999). 
Similar results have been found in adult CI users (e.g., Meyer et al., 2003). However, the impact of these 
features has not been studied in bilingual CI users of any age group. Prior to conducting studies 
exclusively tailored to studying lexical retrieval in bilingual CI users, it may be prudent to conduct a study 
comparing bilingual and monolingual CI users and/or vocoded simulations using stimuli that have been 
normed on monolingual CI users in order to determine what differences, if any, might exist between the 
two groups. 
 
3.3. Models of bilingual lexical access  
For bilingual individuals, there are several unique theories to accommodate the fact that an 
individual’s lexical items belong to two or more languages. These primarily focus on whether language is 
stored in overlapping lexicons as concepts common across all known languages (e.g., Kroll & Stewart, 
1994), or if they are stored as individual lexicons, each exclusively consisting of one known language 
(e.g., Lambert et al., 1968).  
The Separate Storage Model is one which hypothesizes that there are separate representational 
systems for each language. In this model, the language not in use is considered to be completely 
deactivated in situations in which the other language is activated for use (Hamers & Lambert, 1972). 
Support for this model has come from early work using questionnaires, recall, and word association tasks. 
For example, Lambert et al. (1968) studied two groups of bilinguals, one French-English and the other 
Russian-English, who were presented various lists for free recall. Some lists were constructed such that 
all words presented across languages were semantically related, while others had lists in which all words 
presented across languages were semantically unrelated. Lists either contained items in only one of the 
participant’s known languages or items from both known languages administered simultaneously within 
one task. Because participants showed semantic benefit in the mixed-language condition, even with 
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lexical items from their other known language potentially interfering with one another, researchers 
concluded that participants’ lexicons are able to switch rapidly between their active and inactive state. 
According to the conclusion of this study, had a reduction in accuracy occurred in conditions in which 
semantic foils had been presented across target languages, this would have presented evidence that lexical 
items across languages are connected at the conceptual level. As this was not found to be the case, 
researchers concluded that bilingual individuals store lexical information in two separate, language-
specific lexicons.     
Conversely, some models propose that the two lexicons known by bilingual individuals overlap 
completely. The Concept-Mediation Hypothesis purports that lexical items in a bilingual’s L2 are linked 
to their L1 at the conceptual level. In this model, the conceptual level contains both linguistic and non-
linguistic concepts that are common between the two words. Potter et al. (1984) studied two groups of 
individuals. These included proficient Chinese-English bilinguals, proficient in both known languages, 
and native English speakers learning French in high school, who were not proficient in their L2. 
Participants were asked to identify either line drawings or written words. Half of the written stimuli were 
presented in participants’ native language and the other half in their L2. Both groups named images in 
their L2 more quickly than it was assumed was necessary to translate an L1 word into the corresponding 
L2 word. This was taken as support for the Concept-Mediation Hypothesis and evidence against the 
assumption of independent storage. Despite the fact that this outcome is very similar to that found in 
Lambert et al. (1968), these results were interpreted as showing unification of lexical items across all 
known languages rather than a rapid switch of language activation and deactivation as is assumed in the 
Separate Storage Model.  
Unlike the Concept-Mediation Hypothesis, there are other models and theories that propose that 
L1 and L2 lexicons only partially overlap. Some also hypothesize that sometimes this overlap is 
asymmetrical. Among these is the Distributed Model, which hypothesizes that some word types have 
relatively separate storage, whereas others generally overlap in what are termed “conceptual nodes.” 
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Concrete words (e.g., nouns) and cognates are assumed to share more features than grammatical items 
(e.g., pronouns) and abstract items (e.g., feelings). Because of these differences, this model predicts an 
asymmetrical overlap in which some types of words have shared representation while other types do not 
(de Groot et al., 1994). All three types of models of bilingual lexical access will be considered in our 
study of the role of the identification of words presented in isolation. 
Connectionist models, such as the Bilingual Interactive Activation Model (BIA+), are currently 
viewed as the most likely representation of lexical organization in bilingual individuals. The BIA+ model 
includes the role of sentence context in lexical retrieval and word identification, as well as non-linguistic 
information, such as an individual’s expectations or test-taking strategies (Dijkstra & van Heuven, 2002). 
In this model, items are integrated across languages and are selected in a language non-selective way. 
This means that whichever lexical item is best supported by the associated context will receive the 
greatest amount of activation (Lam & Dijkstra, 2010). It is this model that will be considered in our study 
of the role of context on target words presented at the ends of sentences. 
 
3.4. Lexical neighborhood effects in bilinguals  
One way these models have been tested is by examining lexical neighborhood effects in 
bilinguals, often studied by investigating TOTs in word production tasks. Generally, bilinguals have more 
TOTs than monolinguals, unless they are asked to produce a cognate. For both cognates (Gollan & 
Acenas, 2004) and proper names (Gollan et al., 2005), bilinguals produce TOTs at the same rate as 
monolinguals. This has been taken as evidence that both lexical systems are always active and perhaps the 
mental lexicon(/s) of a bilingual individual at least partially overlap. However, this has also been taken as 
evidence that bilinguals only have one lexicon in which all the words known in all their languages are 
stored (Gollan et al., 2005). When asked to produce a non-cognate target, bilinguals tend to have longer 
reaction times (Gollan et al., 2004). This may suggest that they may have a much larger neighborhood to 
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search than their monolingual peers. This also provides evidence for a partial overlap in the mental 
lexicon(s). Others have proposed that this ease of access for cognates does not indicate one representation 
across all known languages. It may be that because representations in each language are so similar, the 
target word will receive activation from both languages due to the overlapping phonological form and 
meaning, allowing bilingual individuals to more quickly and accurately retrieve the target word than 
would be seen with non-cognates (Yan & Nicoladis, 2009).  
In summary, the ease with which bilingual individuals can retrieve cognates and proper nouns has 
been used as support for the argument that bilingual individuals’ lexical networks in both known 
languages are active at all times (Gollan et al., 2005; Gollan & Acenas, 2004). TOT experiments have 
been used to argue that for non-cognates, bilingual individuals may have significantly larger lexical 
neighborhoods, as shown by their higher error rate relative to monolinguals (Gollan et al., 2005; Gollan & 
Acenas, 2004; Yan & Nicoladis, 2009). In this study, the effect of lexical neighborhoods in the 
participants’ L2 will be examined via the correct identification of target words belonging to the “hard” 
classification, consisting of words with relatively higher neighborhood density and lower frequency. 
 
3.5. Age of Acquisition Effects in Bilinguals 
Although TOTs have been used to effectively study neighborhood density in bilingual 
populations, they have not been used to study age of acquisition effects of an L2. As such, one area that 
has not been examined is the extent to which someone exposed to an L2 later in life is able to 
learn/acquire the lexical system of their second language (van Heuven et al., 2011). This is an issue for 
those exposed to their L2 in an unnatural setting, such as a classroom, where rote memorization of 
formulaic statements or lists of vocabulary terms are likely to occur. This can be contrasted with more 
naturalistic settings in which learners acquire their L2 in organic listening and/or conversational 
environments. Early L2 learners are more likely to have acquired this language naturally from the home 
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environment, whereas late L2 learners are more likely to have acquired this language in the classroom 
setting (Ely, 1986). As such, it is likely that early L2 learners have more robust representations of this 
language relative to their later L2 peers. This may impact the ease with which bilingual individuals access 
the phonological contrasts of their L2, with early learners more accurately identifying words containing 
phonemes not found in their L1 relative to their later exposed peers. This may indicate that L1 learners 
have larger phonological neighborhoods due to their increased proficiency in their L2 (Ferre et al., 2006).  
Assuming that earlier L2 learners have greater experience and efficiency navigating their 
comparatively larger lexical capacity and the resulting increased phonological neighborhood density, it 
may be less difficult for early L2 learners to accurately perceive distorted speech in their L2. From the 
results of the study conducted in Chapter 2, early bilinguals were shown to perform as well as their 
monolingual counterparts on vocoded speech perception, as measured in that particular study. As stated in 
Chapter 1, vocoded speech simulates some aspects of speech as would be presented through a CI (Loizou, 
2006). This allows us to hold constant factors that contribute to the large variability in performance in CI 
users, referenced in Chapter 1. As in a CI, vocoded speech reduces the availability of temporal and 
spectral cues that assist in speech perception. As such, vocoded speech will serve to distort the 
phonological information available, potentially increasing neighborhood density of target words. Early 
exposure to an L2 may allow bilingual listeners to more effectively use the available cues found in 
vocoded speech to accurately identify target words relative to their later exposed bilingual peers. 
 
In this study, I will examine whether reducing the amount of information available for phoneme 
recognition via vocoding will increase neighborhood density as a function of age of L2 acquisition. This 
may cause words with greater neighborhood density to become even more difficult to identify, 
particularly for bilingual individuals exposed to their L2 later in life. I will also examine the effect of 
vocoding on participants’ ability to use semantic context to accurately identify words at the end of high- 
and low-context vocoded sentences as a function of age of L2 acquisition. The results of these 
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experiments will be discussed in the context of the models of bilingual lexical storage discussed in section 
3.3.  
 
3.6. Experiment 2 
Research Questions 
1. Do bilingual listeners have differentially lower accuracy compared to monolingual listeners for 
vocoded vs. unprocessed stimuli?  
2. Do bilingual listeners have differentially lower accuracy compared to monolingual listeners for 
different types of stimuli (e.g., easy vs. hard words and high- vs. low-context sentences)? 
3. Does age of L2 acquisition impact the influence of context and frequency/neighborhood density 
in the L2 as measured by accuracy? 
4. Does L1 and/or L2 proficiency impact the use of context and frequency/neighborhood density in 
speech perception as measured by accuracy? 
5. Does verbal inhibition impact the use of context and frequency/neighborhood density in speech 





Because vocoding reduces both spectral and temporal properties (Fu et al., 2004), it is 
hypothesized that vocoding will increase neighborhood density. This is due to the fact that possible 
phonemes comprising target words will be broadened with more feature overlap and thus will be less 
easily identified. It is also hypothesized that bilingualism will increase neighborhood density. Increased 
neighborhood density will be shown through reduced accuracy. It is hypothesized that late bilinguals will 
show significantly lower accuracy in the vocoded speech conditions compared to monolinguals and early 
bilinguals because their lexical representations in their L2 are likely less robust (Yan & Nicoladis, 2009). 
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It is also hypothesized that context in sentences will provide greater help to monolinguals and 
early bilinguals, but not to late bilinguals. This is due to both monolinguals’ and early bilinguals’ abilities 
to more efficiently access the meanings of the words presented in real time as compared to late L2 
learners (Skoe & Karayanidi, 2019). These hypotheses are presented in graphic form in Figure 11. 
 
Figure 11 
Hypothesized accuracy responses for monolingual, early bilingual, and late bilingual participants 
measured in Rationalized Arcsine Units (RAU)  
 
 
Proficiency in English, the language of testing, is hypothesized to positively impact the extent to 
which bilingualism impacts performance (Ferre et al., 2006). Proficiency in Spanish may be negatively 
correlated with English language proficiency, and higher scores of Spanish proficiency will negatively 
impact the extent to which bilingualism impacts performance. This will be reflected in reading 
comprehension scores, particularly in English, for later L2 learners. It is also hypothesized that verbal 
inhibition scores will be highest in early L2 learners relative to the monolingual and late L2 learning 
groups, as they will have a greater length of practice in suppressing competing lexical items. This greater 






















Participants: Participants included twenty Spanish-English bilingual and twenty monolingual English 
speakers. Participants were gender matched across the two groups such that each group consisted of 
fifteen females and five males. All participants were between the ages of 18 and 25 years and had 
audiometric thresholds of 20 dB HL or lower between the frequencies of 250 and 8,000 Hz. Age of L2 
acquisition for bilingual participants ranged between birth and 12 years. Participants were recruited 
through the University of Maryland Department of Psychology research recruitment system. Participants 
received either financial compensation or course credit as compensation for participating in this study.  
 
 
Stimuli: Speech perception stimuli included single words from the Lexical Neighborhood Task (LNT) and 
Multisyllabic Lexical Neighborhood Task (MLNT) created by Kirk et al. (1995), as well as the Revised 
Speech Perception in Noise (R-SPIN) sentences created by Bilger et al. (1984). The LNT and MLNT were 
created to take into account both lexical frequency and neighborhood density in English. Words were 
divided by the authors into “hard” and “easy” words based on both the frequency and neighborhood sizes 
of each stimulus item. These measures were intended for use with children with CIs and as such were 
created using words that these children would likely know. Kirk et al. (1995) used words compiled by 
Logan (1992), who tabulated lexical entries in the Child Language Data Exchange System (CHILDES; 
www.childes.talkbank.org). This database contains transcripts from published studies of child language 
development. These corpora have been validated against several similar lists (Kirk et al., 1999). These 
words have also been used in studies that have shown that children with CIs organize and access words 
within phonological neighborhoods similarly to NH children (Eisenberg et al., 2002; Kirk et al., 1998).  
The R-SPIN sentence corpus has also been used repeatedly with CI users (e.g., Blamey et al., 
1984; Turner et al., 2004; Wilson et al., 1991), and allows for the examination of the role of context on 
lexical access. The R-SPIN consists of eight sentence sets, each comprised of fifty total sentences. 
Twenty-five sentences do not provide biasing context for the final word (e.g., “The old man discussed the 
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drive.”) and twenty-five do provide biasing context for the final word (e.g., “She made the bed with clean 
sheets.”) (Bilger et al., 1984). Participants were asked to repeat only the final word of each sentence.  
Participants responded to two sentence sets. One was presented as unprocessed and the other as 
vocoded. Individual words from the LNT and MNLT were also presented in two sets, one of which was 
unprocessed and the other vocoded. Vocoding was accomplished using the same methodology outlined in 
Chapter Two to produce stimuli simulating an 8-channel CI insertion array at 0-mm shift. 
Participants were also tested on reading comprehension tasks in English and, in the case of bilingual 
participants, Spanish. These measures included the reading comprehension portion of the Test of English 
as a Foreign Language (TOEFL) to assess reading comprehension in English and the reading 
comprehension portion of the advanced placement (AP) Spanish test. Participants were also tested on the 
Stroop test to examine verbal inhibitory skills.  
 
Procedure: Prior to participating, bilingual participants were asked if they were comfortable completing a 
reading comprehension task in Spanish. All participants were screened for audiometric thresholds of 20 
dB HL or lower at 250, 500, 1000, 2000, 4000, and 8000 Hz. Participants in each group began by hearing 
and responding to one combined set of LNT/MLNT single words in the unprocessed condition followed by 
one set of R-SPIN sentences in the unprocessed condition. Following this, participants were presented 
with ten vocoded sentences from the IEEE sentence corpus (Rothauser, 1969) to familiarize them with 
vocoded speech. Participants first heard these sentences processed with 8-band, 0-mm shift vocoding and 
were asked to respond. They then received auditory feedback similar to what was used in Chapter Two. 
Stimuli were replayed in unprocessed speech followed by another repetition using vocoded speech. 
Following this brief exposure period, participants were presented with a set of vocoded single words 
followed by a set of vocoded sentences.  
All listening took place in a double-walled, sound-attenuating booth. Participants were 
accompanied by a researcher and were asked to verbally repeat target words. The researcher recorded 
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accuracy of each target stimuli. Participants were then tested on the TOEFL and Stroop task, used to 
examine verbal inhibitory skill. Bilingual participants were also examined using the AP Spanish test.  
Results 
 
Main effects: Prior to carrying out any calculations, accuracy scores were first converted from percent 
correct to rationalized arcsine units (RAUs) in order to improve normality of score distribution. Following 
this transformation, Pearson r correlations were carried out to assess whether there was an effect of age of 
acquisition on age of acquisition in bilingual participants in the eight conditions tested. Age of acquisition 
ranged from birth to 12 years; however, no correlation with age was found in any condition.  
For all unaltered conditions, scores were at ceiling for all participants, as predicted. In these 
conditions, scores for easy words were not significantly correlated with age of acquisition at p = 0.39 (R² 
= 0.05), hard words at p = 0.27 (R² = 0.08), high-context sentences at p = 0.64 (R² = 0.01), and low-
context sentences at p = 0.28 (R² = 0.07). This is most likely due to ceiling effects.  
In the vocoded conditions, accuracy scores for both hard and easy words were randomly 
distributed. Accuracy scores of sentence context were distributed around the mean. In both the hard and 
easy sentence conditions as well as the hard and easy sentence conditions, no significant correlations 
between scores and age of acquisition were found. Scores for easy words were not significantly correlated 
with age of acquisition at p = 0.54 (R² = 0.02), for hard words at p = 0.65 (R² = 0.01), for high-context 
sentences at p = 0.71 (R² = 0.01), and for low-context sentences at p = 0.73 (R² = 0.01).  
As there was no effect of age of acquisition on any scores in the bilingual group of participants, 
the following models were carried out with all bilingual participants, whether early or late L2, considered 
as a single group. In order to assess the main effects of bilingualism, vocoding, word difficulty, and 
sentence context, two models were constructed. Both models had the fixed effects of vocoding and either 
word difficulty or sentence context level. Accuracy was used as the dependent variable. In both models, 
monolinguals served as the reference group. The first model examined differences in accuracy of word 
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identification based on lexical neighborhood and frequency in conditions of both vocoded and unaltered 
speech. Model output is shown in Table 10. Due to the high number of calculations in this study, results 
were considered significant at p < 0.0001. 
 
Table 9 
Descriptive statistics of bi- and monolingual participants for vocoded words in isolation in RAU 
 
   Monolingual Easy  Monolingual Hard  Bilingual Easy          Bilingual Hard 
Mean   69.12   53.78   61.03            46.14 




Fixed effects of word difficulty and vocoding in monolinguals and bilinguals 
                              Estimate   Std. Error       df   t value         Pr(>|t|)     
(Intercept)                    110.859       3.482   135.810    31.836    < 2e-16 * 
Language Group                       1.976        4.859   135.810     0.407         0.684     
Vocoding                      -27.649       4.668   105.000    -5.923      4.05e-08 * 
Word Difficulty                           -8.718        4.668   105.000    -1.867        0.064   
Language Group x Vocoding          -23.572       6.515   105.000    -3.618    2.4e-72* 
Language Group x Word Difficulty               2.585        6.515   105.000     0.397         0.692     
Vocoding x Word Difficulty                -3.931        6.602   105.000    -0.595         0.552     
Language Group x Vocoding x Word Difficulty    -4.607        9.213   105.000    -0.500         0.618     
  
 Results indicate no effect of word difficulty for monolingual or bilingual participants in either the 
vocoded or unaltered conditions. Results do, however, indicate that both groups had more difficulty 
accurately identifying target words in the vocoded speech conditions as compared to unaltered speech 
conditions at p < 0.0001. Although both groups showed more difficulty in understanding the vocoded 
speech conditions, the significant interaction between language group and vocoding indicates that 
bilingual participants experienced even more difficulty in the vocoded conditions relative to their 
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monolingual peers at p < 0.0001. This interaction is shown in Figure 12 through the visibly lower scores 
of bilingual participants relative to their monolingual peers in vocoded conditions.  
Figure 12 




The second model in this study examined differences in accuracy of final word identification in 




Descriptive statistics of bi- and monolingual participants for vocoded words at the end of sentences in 
RAU 
  Monolingual High Context Monolingual Low Context Bilingual High Context               Bilingual Low Context 
Mean  95.27   80.40   89.77                78.59 





























Fixed effects of vocoding and sentence context level in monolinguals and bilinguals 
                                   Estimate   Std. Error        df   t value         Pr(>|t|)     
(Intercept)                       101.182      2.725   131.640    37.130       < 2e-16 * 
Language Group                         -2.599       3.802   131.640    -0.684              0.495     
Vocoding                         -10.712      3.579   104.190    -2.993      2.67e-27 *  
Context Level                          15.086       3.579   104.190     4.215       5.33e-05 * 
Language Group x Vocoding              -8.668       4.994   104.190    -1.735          0.085   
Language Group x Context Level               3.186       4.994   104.190     0.638          0.524     
Vocoding x Context Level                0.884       5.102   104.750     0.173          0.862     
Language Group x Vocoding x Context Level   -8.650       7.093   104.480    -1.220          0.225     
 
 Results indicate that there are no significant differences between monolinguals and bilinguals on 
perception of either vocoded or unaltered speech. There are also no significant differences between these 
groups on perception of words presented at the end of sentences that provide either high or low levels of 
sentence context. However, all participants had significantly more difficulty understanding sentence-final 
words in vocoded conditions than they did in unaltered condition at p < 0.0001. All participants also had 
more difficulty identifying sentence-final words in conditions of lower context level at p < 0.0001. Unlike 
the single word condition, bilingual participants do not experience more difficulty than their monolingual 
peers in identifying target words in vocoded conditions.  The negative impact of reduced context and 






Average group results for target word accuracy in sentences in rationalized arcsine units (RAU). Error 




Predictor variables: Predictor variables in this study consisted of reading comprehension measures in 
English and/or Spanish and verbal inhibition as measured by the accuracy of discongruent stimuli in the 
Stroop task. As in Chapter 2, as this method of scoring is not standardized or normalized, reliability of 
this measure may have been reduced. This may have potentially caused an inaccurate assessment of 
participants’ verbal inhibition skill. Reading comprehension in English was measured using the reading 
comprehension portion of the TOEFL exam. Reading comprehension in Spanish was measured using the 
reading comprehension portion of the Spanish AP exam. These measures were chosen as they are of 
approximately the same length and are intended for the same age group, high school senior students. 
Models were first constructed by adding the variable of English language scores to first the model 
described in Tables 10 above, used to analyze accuracy of single word identification, and then by adding 
this variable to the model described in Table 12 above, used to analyze accuracy of target words presented 
at the end of sentences. As this variable was not found to alter the fit of either of these models, it was 
discarded from these models for the remainder of the study. The same process was repeated for the 


























removed from further calculations. This process was finally carried out using the accuracy scores of 
discongruent stimuli in the Stroop task. As this variable also did not alter the fit of the model, it was 
determined that no predictor variable, as measured in this study, impacted speech perception scores.   
 
3.7. Discussion 
This study sought to determine whether there is an effect of age of acquisition on perception of 
speech that is unaltered or vocoded at 8-channels with 0-mm of shift. This study also examined the impact 
of frequency and neighborhood effects on the identification of single words as well as the effect of context 
on the identification of target words presented in sentences. Additionally, this study examined whether 
reading comprehension in English and/or Spanish, as well as verbal inhibition, as measured by the accuracy 
of discongruent stimuli in the Stroop task, impacted speech perception scores.   
     Results of this study indicate that there is no significant correlation between age of acquisition 
(early vs late L2) and scores on either unaltered or vocoded stimuli in both the single word and sentence 
conditions. These results do not support the hypotheses of this study.  It was hypothesized that because 
vocoding reduces both spectral and temporal properties available in the auditory signal (Fu et al., 2004), 
vocoding would increase neighborhood density across all participants, with particular difficulty found 
among later L2 learners. It was also hypothesized that later L2 learners would have more difficulty 
correctly identifying target words in low-context sentences. Because age of acquisition effects were not 
found among bilingual participants, this variable was not considered in further analyses. 
In the identification of single words, it was hypothesized that neighborhood density would be 
higher in bilingual participants relative to their monolingual peers due to the lexical capacity across their 
two known languages. Because of this greater neighborhood density, it was hypothesized that the reduced 
phonetic information available following the vocoding process would more severely impact bilingual 
individuals, as this effectively increases phonological neighborhood size. Given that bilingual individuals 
are already presumed to have greater lexical neighborhood density, further increasing phonological 
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density through vocoding was presumed to cause a decrease in accuracy relative to monolingual 
participants. It was hypothesized that this effect would be most prominent for words in the “hard” 
condition, which are relatively lower in frequency and higher in neighborhood density as compared to 
those in the “easy” condition.   
As shown in Figure 12, vocoding did not interact with difficulty level in the single-word 
identification task. This result does not provide support for the hypothesis that decreased frequency and 
increased neighborhoods leads to more difficulty in correct identification of target words. Both bilingual 
and monolingual individuals were found to show significantly greater difficulty accurately identifying 
target words in the vocoded condition relative to the unaltered condition; however, the interaction of 
language group and vocoding shown in Table 11 indicates that bilingual participants experienced greater 
difficulty in this condition when compared to their monolingual peers. This finding supports the 
hypothesis that bilingual participants are more significantly impacted by vocoding than monolingual 
participants. The reduced and distorted phonetic information available in vocoded stimuli may make it 
more difficult for bilingual listeners to accurately identify target words due to the fact that their lexicons 
may include more phonological neighbors to the distorted target as compared to their monolingual peers. 
It was also hypothesized that context in sentences would provide greater help to monolinguals 
and early bilinguals than to late bilinguals. It was assumed that both monolinguals and early bilinguals 
would have the ability to more efficiently access the meanings of the words presented in real time as 
compared to late L2 learners (Skoe & Karayanidi, 2019). However, as stated above, no effects of age of 
acquisition were found in any condition tested. As shown in Figure 13, no effect of language group was 
found on correct identification of target words in sentences. As early and late bilingual participants were 
examined as a single group, this result can be viewed as supporting the hypothesis that early bilinguals 
and monolinguals benefit from access to greater context. As with single words, both groups had 
significantly lower accuracy scores in vocoded conditions relative to unaltered conditions. However, 
unlike the single word conditions, there was no significant interaction between language group and 
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vocoding, meaning that both groups were similarly impacted by the presence of vocoding. This again 
supports the hypothesis that bilinguals, as included in this study, and monolinguals are similarly assisted 
when they are able to use context to assist in identifying target words. Although there was no interaction 
of vocoding and context level, the degraded phonemic input available in the vocoded condition likely 
reduced listeners’ access to semantic content that was otherwise available in high-context sentence 
stimuli. 
As in Chapter 2, one factor that may have led to the null results found in this study is the fact that 
it was likely underpowered. A post-hoc power analysis indicated that in order to avoid type two errors at 
80% probability, 84 participants would have been required in each group. However, in this study, groups 
consisted of 20 participants each. As such, it is possible that, had more participants been tested, effects of 
age and language group may have been found.  
 
3.7.1 Models of bilingual lexical storage 
This difference in perception of words with reduced phonological information provides support 
for theories that assume at least partial overlap in bilingual lexical storage. Models in this category often 
presume that at least some types of words, such as the concrete nouns used in this study, overlap at the 
contextual level. However, these models also assume that some features of cross-linguistic lexical items 
are not shared, such as language-specific phonemes. These features are stored independent of items in the 
other known lexicon. As bilingual listeners display greater difficulty correctly identifying target lexical 
items presented in isolation in vocoded conditions, this may provide support for the hypothesis that, in 
cases of words with larger phonological neighborhoods, bilingual participants have greater difficulty 
identifying target words through the features available in items found in both the overlapping and 
individual features in their multiple lexicons. In isolation, bilingual participants may be unable to 
immediately identify the language of the target stimuli, leading to larger neighborhood effects. This same 
phenomenon is not found in target words presented at the ends of sentences. Even in low-context sentence 
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conditions, lexical and syntactic information prime bilingual listeners to predict a target stimulus in 
English at the end of an English-language sentence. The fact that the R-SPIN stimuli provide English-
language context may account for the fact that correct identification of target words in low- and high- 
context sentence conditions is consistent across all participants, as shown in Figure 6. These results 
provide support for the BIA+ theory, which assumes that bilingual listeners use context to better identify 
lexical items.  
 
3.7.2 Weaknesses and future suggestions 
Although this study superficially touched upon models of lexical storage in bilingual individuals, 
further work could be conducted to more effectively examine lexical storage in bilingual CI users. It is 
important to note that as all stimuli in this study were presented exclusively in English, bilingual 
participants’ L2, this study does not specifically evaluate the models discussed in section 3.3. Participants 
may have used strategies as suggested in the Separate Storage Model where the unused language is 
effectively deactivated for the duration of the study. The current study could have more thoroughly 
examined models of lexical storage in bilingual individuals had a test with stimuli other than concrete 
nouns, such as function words, been used. Function words are primarily a grammatical feature of 
language and are less likely to be joined at a conceptual level across languages. This may be especially 
true in the current study given the fact that the semantic equivalent of many function words in English are 
affixes, commonly suffixes, in Spanish. Model assessment in this study would also have been improved 
had bilingual participants been tested on an additional measure identifying concrete nouns in Spanish in 
conjunction with the LNT/MLNT. This would have allowed us to examine differences between correct 
identification in the two languages. Similar identification across cross-linguistic equivalent tasks would 
have provided stronger evidence for overlapping models of bilingual language storage.     
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In this study, results indicated that bilingual listeners show greater difficulty understanding of 
vocoded lexical items presented in isolation relative to their monolingual peers. Future studies may use 
this as a starting point to more thoroughly examine the research questions of this study. In particular, it 
might be of use to increase the difficulty of the speech perception tasks to include simulations of a 
shallow CI insertion depth, as was used in Chapter Two. By including a more difficult listening condition, 
it is possible that an age of acquisition effect may have been found in perception of distorted speech, 
particularly in the case of isolated lexical items where context cannot be used.  
In the single word condition, the fact that no difference was found between easy and hard words, 
as shown in Figure 12, may have been due to the stimuli used in this study. While the LNT/MLNT have 
been shown to be appropriate for use with CI users, those users have all been children. As with the PPVT-
R in Chapter 2, this measure was likely too easy to show a difference in hard vs easy words in adults. Had 
a more age-appropriate task been used, differences may have been seen both between early and late 
bilinguals and between bilinguals and monolinguals in the identification of similarly differentiated target 
words. A more age-appropriate corpus may also have exposed age of acquisition differences that were not 
apparent when using the LNT/MLNT. This condition is of particular importance given the interaction 
between bilingualism and vocoding seen in the single word condition. It is possible that with a more 
difficult lexical corpus, differences in the vocoded condition could be made more readily apparent. 
As in Chapter 2, the fit of models examining speech perception scores did not improve with the 
addition of any of the linguistic or cognitive predictive variables. Although different language 
assessments were used, reading comprehension tasks may not have been the most appropriate measure to 
best assess listening skills in either English or Spanish. As suggested in Chapter 2, it may have been more 
prudent to use listening comprehension measures to assess language ability in a medium similar to that 
used in the study. Although a more age-appropriate measure was used, reading comprehension does not 
measure linguistic skill in real time. Reading comprehension measures allow participants to complete the 
task non-linearly and to make notations on the test passage both during and after their initial reading. Had 
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more appropriate measures been used, an effect of language skill in both participants L1 and L2 might 
have been found. As is also found in Chapter 2, this study used only the accuracy scores of discongruent 
stimuli in the Stroop task to measure verbal inhibition. The typical method by which to assess the results 
of this measure is to compare the reaction times of participants’ responses to discongruent and congruent 
stimuli. This non-standardized and non-normed method of calculating scores may have reduced the 
reliability of testing causing inaccurate assessment of participants’ verbal inhibitory skill. Additionally, as 
is also discussed in Chapter 2, use of a verbal measure of inhibition may have acted as a confounding 
factor in this experiment as the verbal stimuli may have accounted for some of the variance in the speech 
perception scores examined. Had the results of this task been calculated differently or a different measure 
of inhibition used, it is possible that both differences between language groups and an effect on speech 
perception scores may have been found. 
It is important to note the finding that, without context, bilingual listeners perform more poorly 
than their monolingual peers on correct identification of vocoded lexical items. However, there are 
numerous ways that this study could have been altered to better assess the research questions and explore 
evidence supporting models of lexical storage in bilinguals. Altering the method used to evaluate 
linguistic skills and correctly calculating the Stroop task might also have more accurately answered the 
research question regarding the predictive value of these variables. Increasing the difficulty of the single-
word identification task, both by using a more difficult corpus and by adding a simulation of a shallow CI 
insertion depth, may have allowed better examination of potential age of acquisition effects and allowed 
for a more nuanced exploration of differences between language groups. The addition of tasks designed 
specifically to test bilingual listeners may have provided evidence for how models of bilingual lexical 
storage relate to perception of vocoded as compared to unaltered speech. This would have allowed for 
greater evidence to be produced regarding the impact of a CI on lexical storage in bilingual individuals, 
particularly as compared to their NH peers. By implementing these changes, a more thorough 
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examination of the research questions of this study may transpire, as well as an examination of models of 




Chapter 4: General Discussion and Conclusions 
 
This dissertation aimed to examine the role of bilingualism and age on perception of vocoded 
speech.  It also aimed to examine the potential role of individual differences in language skill and verbal 
inhibition on perception of vocoded speech. In order to explore these issues, two experiments were 
conducted using monolingual speakers of English and bilingual, native speakers of Spanish whose L2 was 
English. The role of bilingualism was explored through the use of these two language groups in each 
study. Bilingual listeners were exclusively native speakers of Spanish. Inclusion was restricted to one 
language group in order to avoid possible confounding variables that may have occurred through the 
inclusion of native speakers of other languages that varied from one another in phonological, syntactic, 
and morphological structure.  
The primary motivation behind the approaches implemented in these studies was to isolate the 
factors of both age of acquisition and age at the time of testing in bilingual Spanish-English populations 
as compared to their monolingual, English-speaking peers. Stimuli examining vocoded speech perception 
was used in both studies to simulate what is heard through a CI. Through the measures used in both 
studies, it was hoped that greater insight would be gained into the ways that bilingualism and age impact 
perception of speech in different conditions of CI simulations. 
   
4.1 Vocoded conditions 
Vocoded conditions in this study simulated speech as perceived through an 8-channel CI. In the 
first study, two conditions of shift were considered. These consisted of simulations of both deep (0-mm 
shift) and shallow (6-mm) insertion of a CI electrode array. These conditions were chosen to allow us to 
examine speech as perceived through an ideal CI implantation (0-mm shift) in which there are no 
impediments to full insertion of the electrode array as well as speech as perceived through a more 
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complex implantation where the electrode array cannot be fully inserted into the most accessible apical 
position in the cochlea (Helmstaedtar et al., 2018).  
These conditions were examined through alternating testing and training conditions presented 
over a period of 2 hours. Testing conditions included both conditions of shift and required participants to 
identify auditory-presented semantically empty sentences from a word matrix presented via computer 
interface, shown in Figure 4 (Kidd et al., 2008). Training conditions were used between all testing blocks 
with both auditory and visual feedback. In these conditions, only the more difficult 6-mm shift condition 
was used. Auditory feedback consisted of replaying the stimulus first in unaltered speech followed by the 
6-mm speech originally heard in the stimulus. Visual feedback was also provided by highlighting both 
correctly and incorrectly selected words, as well as intended target words. As shown in Tables 11 and 12 
results showed that all participants had lower post-test scores in the more difficult 6-mm condition as 
compared to the less difficult 0-mm testing condition. From this result, we can conclude that, even with 
explicit training on the more difficult 6-mm condition, participants have lower speech perception scores 
relative to the less difficult 0-mm shift condition relative to the trained condition (e.g., El Boghdady et al., 
2018; Waked et al., 2017). It can be presumed that CI users whose electrode arrays with shallower 
insertions will have greater difficulty adapting to perceiving speech through their CI than those whose 
electrode arrays have been inserted closer to the most apical position in the cochlea. As such, individuals 
who have been implanted at more shallow insertion depths may require more assistance in learning to 
adapt to speech perception than those who have been implanted at deeper insertion depths. 
In the second experiment, only the 0-mm shift condition was used. This condition was compared 
to performance in unaltered speech conditions. Participants were required to identify target words which 
were either presented in isolation or at the end of sentences. Single words were classified as either “easy” 
or “hard” based on both frequency and neighborhood density (Kirk et al., 1995; Kirk et al, 1999). In 
sentence conditions, target words were presented at the end of either high-context sentences (e.g., She 
made the bed with clean sheets) or low-context sentences (e.g., The old man heard about the yell) using 
 
 77 
the R-SPIN corpus (Bilger et al., 1984). In this experiment, as shown in Tables 11 and 12, all vocoded 
conditions were found to be significantly more difficult than unaltered conditions. From this result, we 
can conclude that the 0-mm condition of vocoding is more difficult to accurately perceive than the 
unaltered condition (e.g., Smith et al., 2018). It may be that even CI users who have been implanted under 
ideal circumstances will need time and assistance to adapt to speech as perceived through their CI. 
 
4.2 Impact of age and bilingualism on vocoded speech perception 
          These studies both examined the effects of age and bilingualism on perception of vocoded speech 
as described in section 4.1. These factors were chosen due to the fact that the majority of individuals 
worldwide speak two or more languages, and the fact that both adults and children, as well as bilingual 
individuals who learned their L2 at a variety of ages, are regularly implanted with CIs. English language 
stimuli were selected as it is one of the most commonly used languages worldwide (Lyons, 2017). 
Bilingual individuals in the current studies were native speakers of Spanish whose L2 was English. These 
participants were compared to monolingual speakers of English. It was hypothesized that both these 
factors would interact with perception of vocoded speech.  
          The first study consisted of four groups: Monolingual adults, monolingual children, bilingual 
adults, and bilingual children. In this study, all bilingual children were reported by their parents to have 
been exposed to both English and Spanish at birth, and all bilingual adults self-reported that they had been 
exposed to their L2 of English by the age of 4 years. By ensuring that all participants were exposed to 
their L2 early in life, we were able to test only the impact of age at the time of testing on perception of 
speech vocoded to simulate either a deep (0-mm) or shallow (6-mm) insertion of a CI electrode array. As 
shown in Figure 4, no significant differences were found between these four groups on speech perception 
in either the 0-mm or 6-mm vocoded speech condition. 
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        A brief follow-up study was conducted to examine the effects of age on monolingual young adults 
and the monolingual children included in the main study on perception of vocoded speech. This was 
conducted because age at testing in the adult population range from 19 to 52 years. Most studies 
comparing speech perception through a vocoder in monolingual adults and children have found that adults 
significantly outperform their child counterparts (e.g., Eisenberg et al., 2000; Nitrouer et al., 2009; Waked 
et al. 2017). However, in these studies, only young adults were studied in comparison to child 
participants. As shown in Figure 8, no significant effects of vocoding were found in either condition. In 
Figure 8, we see that both child and adult participants follow the same general trajectories as found in 
Waked et al. (2017), which was replicated by this follow-up study, despite their differing results overall. 
From these data, we cannot conclude that members of either age or language group is likely to require 
greater assistance relative to one another in adapting to speech perceived through a CI. 
          In the second study, participants also included monolingual speakers of English and bilingual 
native speakers of Spanish whose L2 was English. However, rather than studying age at the time of 
testing, this study examined age of L2 acquisition in native speakers of Spanish. Age of English language 
acquisition ranged from 0-12 years. All participants were between 18 and 25 years of age at the time of 
testing. It was predicted that those exposed to their L2 at earlier ages would outperform those exposed to 
their L2 at later ages in tasks of vocoded speech perception in their L2 of English (Mayo et al., 1997, 
Regalado et al., 2019, Skoe & Karayanidi, 2019; Tabri et al., 2015). However, no effect of age of 
acquisition was found. From these results we can presume that there is no impact of age of L2 acquisition 
on either vocoded or unprocessed speech perception as measured in this study. As no effect of age was 
found, further calculations in this study were carried out with bilingual participants considered as one 
group rather than the originally intended two groups of early and late L2 learners. 
          This study required participants to identify both lexical items presented in isolation as well as target 
words presented at the ends of sentences in condition of both unaltered and 8-channel, 0-mm shifted 
vocoded speech. Single words were considered either “hard” or “easy” based on both their neighborhood 
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density and frequency of use (Kirk et al., 1995; Kirk et al, 1999). Target words presented at the end of 
sentences were considered either high- or low-context based on preceding semantic information (Bilger et 
al., 1984). As shown in Tables 10 and 11 and Figures 12 and 13, in both the single word and sentence-
final lexical identification tasks, vocoded conditions were significantly more difficult than unprocessed 
conditions for all participants. From these results, we can presume that both bilingual and monolingual 
adult CI users require assistance in learning to understand speech as perceived under ideal conditions of 
electrode array insertion.  
          As shown in Table 10, in the single word condition, no difference was found between hard and easy 
words for either group. However, as shown by the interaction of vocoding and language group, bilingual 
individuals experienced greater difficulty identifying lexical items presented in isolation as compared to 
their monolingual peers. No such difference was found in the sentence condition, as shown in Table 11, 
although both groups had significantly more difficulty identifying target lexical items in low-context 
sentence conditions than in high-context sentence conditions. From these results, we can presume that 
both bilingual and monolingual participants rely on context in predicting words within sentences in 
conditions of vocoding. However, bilingual participants may be more dependent on context than their 
monolingual peers as they showed greater difficulty identifying vocoded isolated lexical items relative to 
their monolingual counterparts. As such, we can presume that bilingual adult CI users may rely more 






4.3 Impact of linguistic skill and verbal inhibition on vocoded conditions 
          In both studies, linguistic skill and verbal inhibition were examined as potential predictors of 
vocoded speech. In the first study, linguistic skill was measured using the PPVT-R to measure receptive 
vocabulary skill in English and the TVIP was used to assess receptive vocabulary skill in Spanish for 
bilingual participants. In the second study, the reading comprehend portion of the TOEFL was used to 
assess reading comprehension in English and the reading comprehension portion of the AP Spanish exam 
was used to assess reading comprehension in Spanish for bilingual speakers. Accuracy of discongruent 
stimuli in the Stroop test was used to assess verbal inhibition in both studies. 
          Following calculations of main effects, these factors were added one at a time to the models 
examining main effects to determine if their inclusion improved model fit. None of these factors were 
found to do so in either study. However, as shown in Figure 7, in the first study, a correlation between 
post-test performance on the 0-mm vocoded speech condition and raw scores on the PPVT-R was found 
to be significant at p < 0.0001 for bilingual child participants. For all other age x language groups, the 
correlation between these factors was insignificant with nearly all adults and several monolingual children 
performing at or near ceiling. As discussed in Chapter Two, the PPVT-R begins with more frequent words 
for children than it does for adults. Many of these are considered BICS words (Cummings, 2008), which 
are typically learned in early childhood from the home environment. As such, monolingual children may 
be more likely to have been exposed to these words than their bilingual peers, resulting in their overall 
higher scores. Testing material for adults begins with less frequent words, many of which belong to the 
CALP domain (Cummings, 2008). CALP words are primarily geared towards academic success and may 
be both more explicitly taught and generally used in the English as a Second Language educational 
environments. As such, adult bilingual participants may have been tested on material less relevant to 
overall speech perception outcomes relative to their child counterparts. From this result, we can presume 
that greater exposure to English in early childhood may lead to greater familiarity with the words 
presented at the child age-appropriate portion of the PPVT-R. This greater exposure to more frequent 
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words of English may assist bilingual child CI users in their perception of speech in ideal conditions of 
electrode array insertion. 
 
4.4 Power 
 In these studies, approximately 20 participants were included in each group. However, post-hoc 
power analyses found that in order to reach an 80% confidence level, 77 participants would have been 
required in the four age and language groups tested in Experiment 1 and 84 participants would have been 
required in each of the three predicted groups of early bilinguals, late bilinguals, and monolinguals. As 
such, these studies were quite underpowered. 
 Null results were found for the majority of the hypotheses in this dissertation, which may have 
been due to the fact that only approximately one quarter of the appropriate number of participants were 
tested in each group. As such, it is possible that these results are incomplete. Had a larger number of 
participants been tested, this dissertation may have produced more nuanced results.  
 
4.5 Bilingual language learning  
 There are numerous research gaps in bilingual language acquisition/learning. This is in part due 
to the fact that many studies have focused on lexical acquisition rather than suprasegmental features that 
also facilitate linguistic development. Bilingual individuals have been shown to have different language 
learning strategies and trajectories relative to their monolingual peers. For bilingual individuals exposed 
to their first language in infancy, this differences are apparent by the first year of life. These strategies 
allow bilingual infants to develop two separate linguistic systems while achieving the same linguistic 
milestones as their monolingual peers at similar ages. These include identification of phonemes of their 
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language(s) of exposure as well as the ability to discern between languages belonging to differing 
rhythmic classes (Werker & Byers-Heinlein, 2008).  
 However, as bilingual individuals are exposed to fewer lexical tokens in each of their languages 
of use, this frequently leads to a disadvantage in which bilingual individuals have smaller lexical 
capacities in each of their known language relative to monolingual speakers of these languages. Some 
researchers believe that this difference lasts throughout the lifespan (e.g., Bialystok, 2010) while others 
believe that this difference resolves by adulthood (e.g., Yan & Nicoladis, 2009). This may also lead to 
instances in a delay of recognition of frequent words in either known language relative to their 
monolingual peers (Vihman et al., 2007) in early childhood. 
 Yet despite these possible lexical disadvantages, it is generally in the best interest of an individual 
belonging to a bilingual family or community to learn both languages of use. Due to the relatively greater 
variations of phonological, lexical, and syntactic tokens in the total linguistic items to which they are 
exposed, bilingual individuals may be employing different language learning strategies relative to their 
monolingual peers (Yayla et al., 2016). These strategies may lead to the cognitive advantages found 
among bilingual individuals as compared to their monolingual peers. Using these strategies, may play a 
role in the fact that many of the early linguistic disadvantage, particularly with regards to total vocabulary 
size resolves either completely or to the point of communicative competence by adulthood. This indicates 
that ultimately a bilingual child will actually grow to have a larger overall lexical capacity relative to their 
monolingual peers due to the increased capacity in each known language (e.g., Yan & Nicoladis, 2009). 
Additionally, the ability to communicate in all relevant languages in an individual’s environment is 





4.6 Practical applications for CI users 
 The results of these studies have several practical applications for CI users. One key finding is 
that after only two hours of training in the setting of Experiment 1, participants of both the child and adult 
age group showed improvement between pre- and post-tests. This was true in the case of both the deep (0-
mm) and shallow (6-mm) insertion depth. This indicates that, with both exposure and training, individuals 
are able to adapt to speech simulating what is heard through a CI. As such, it can be presumed that with 
appropriate clinical intervention, both child and adult CI users can learn to better understand speech as 
perceived through their CI. However, it is important to note that, while this improvement is found at both 
degrees of insertion, speech perception of vocoded speech simulating a shallow insertion depth remains 
significantly lower at post-test relative to scores in the deep insertion condition. As such, it is reasonable 
to conclude that CI users with shallow electrode array insertion may require greater intervention relative 
to CI users with deep electrode array insertion. 
 For deaf infants and infants with severe-to-profound hearing loss, one way to improve lexical and 
speech perception outcomes is to implant these children at the earliest possible age. In doing so, infants 
are better able to develop their auditory cortex through earlier exposure to sound (Polonenko et al., 2017). 
Early implantation may also improve children’s speech perception and communication outcomes through 
earlier clinical intervention. This may allow children to better develop their vocabulary beginning at 
earlier ages (Connor et al., 2006), as well as better learn to use context cues to understand speech (e.g., 
Holt et al., 2016). This may have positive effects on future educational outcomes as well, particularly if 
child CI users are integrated into mainstream classrooms (Dettman et al., 2013). 
Morini and Newman (2020) have found that, with both bilingual and monolingual infants, novel 
words can be learned with relatively comparable results in conditions of background noise. While this 
difficult listening condition differs to that of speech perception through a CI, it nevertheless indicates 
lexical acquisition of bilingual infants at a similar level to their monolingual peers is possible in difficult 
listening conditions. It is important to note that these items were learned from exposure rather than 
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explicit instruction. While explicit instruction may lead to improved lexical outcomes, acquisition through 
social interaction and ambient exposure has been shown to yield greater results (Atkinson et al., 2018). As 
such, it is important to directly interact with child CI users in both the home and clinical environment. 
  
4.4 Future directions 
          The results of the studies conducted in this dissertation lead to several potential areas of future 
exploration. In the first study, it was shown that young monolingual adults visibly, though not 
significantly, outperform monolingual children on speech perception in conditions of 0-mm of shift. It 
may be prudent to examine the same factors in bilingual individuals. As bilingual children visibly, though 
insignificantly, performed less successfully on the speech perception task, it would be interesting to 
explore weather a significant difference can be found between young bilingual adults and bilingual 
children. Additionally, it may be worthwhile to replicate the entire study using only young adults in order 
to determine if significant differences in vocoded speech perception can be found between the four age x 
language groups. 
          In previous studies, a bilingual advantage has been found in verbal inhibition; however, this 
advantage is larger in younger adults as compared to both child and older adult listeners (Incera & 
McLennan, 2018, Knight & Heinrich, 2017; Bialystok et al., 2005). This may indicate a possible role of 
both cognitive development and decline that may itself interfere with the verbal inhibition necessary to 
effectively and efficiently understand multiple languages. Although no difference was found in the speech 
perception results of older and younger monolingual adults, future studies might possibly explore the role 
of age and verbal inhibition by using the intended measurement of the Stroop task on groups of children, 
younger adults, and older adults. It is possible that individual differences in verbal inhibition could 
provide extra benefit to vocoded speech perception in young bilingual adults relative to monolingual 
participants and bilingual participants of both older and younger age groups.  
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          It may also be worthwhile to also replicate both studies using more difficult lexical stimuli. Both 
the lexical items in the word matrix, used in Chapter 2 (Kidd et al., 2008) and the LNT/LMNT, used in 
Chapter 3 (Kirk et al., 1995) were created for use with child participants. As such, these measures may 
not have been appropriate for use with adult participants. It would be worthwhile to replicate both studies 
using lexical corpuses designed for use with adult participants, such as the Revised Consonant-Nucleus-
Consonant (R-CNC) List (Peterson & Lehiste, 1962).  For the second study examining the role of age of 
acquisition, it may also be worthwhile to add a more difficult listening condition, such as the 6-mm shift 
condition used in the first experiment. By increasing the difficulty of the lexical items presented in 
isolation, it is possible that a difference in the effect of age of acquisition may be found in conditions 
devoid of semantic and syntactic context, such as the single word condition. An effect of age of 
acquisition on target words presented at the ends of sentences may also show an effect of age of L2 
acquisition in conditions where semantic context is available if later-exposed bilingual individuals 
experience more difficulty accessing speech distorted to a greater degree than their early-exposed 
bilingual and monolingual peers. 
          In exploring models of bilingual lexical storage, there are several additions that could have been 
made to the second experiment. One possible addition would be including a lexically equivalent task in 
Spanish to that used to evaluate perception of lexical items presented in isolation in English. The 
LNT/LMNT use only concrete nouns. Either adding a separate measure of concrete nouns for bilingual 
Spanish speakers or testing bilingual speakers using a corpus containing both English and Spanish lexical 
items would provide better evidence for models that show either overlapping or separate storage. These 
tasks could be presented in both conditions where stimuli are presented in one language at a time as well 
as conditions where stimuli from both languages are presented, requiring participants to quickly switch 
between their lexicons. Presumably, if participants have lower accuracy in a task of switching between 
languages than they do in tasks where languages are presented separately, this would provide evidence for 
models that suggest overlapping lexicons. Additionally, it may be prudent to add a test that includes 
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function words/affixes rather than concrete nouns alone, as these words/affixes as these are primarily 
grammatical rather than lexical items. If there is decreased accuracy in identification of function words in 
English/conjugated words in Spanish relative to concrete nouns, this would allow us to explore which 
items are shared in potentially overlapping lexicons. 
          The method by which predictor variables are measured can also potentially provide more 
information if altered in future studies. In this dissertation, verbal inhibition was measured by accuracy of 
discongruent stimuli in the Stroop task. The use of latency scores would have allowed the examination of 
subtler group differences than the use of the binary measure of accuracy alone. Had the recommended 
method of calculating the difference in reaction time for congruent and discongruent stimuli been used 
instead, this may have provided greater insight into the role of verbal inhibition on vocoded speech 
perception. Additionally, use of a different stimulus type to assess inhibitory skill may have been more 
appropriate in tasks measuring speech perception. Similarly, receptive vocabulary and reading 
comprehension may not have been the best measures of linguistic skill to predict performance on speech 
perception tasks. Had listening measures, such as the TOEFL and TOEFL Junior Listening Tasks been 
used instead, these may have provided better insight into linguistic skill relevant to predicting speech 
perception tasks. It is also important to note that, while vocabulary is a predictor of speech perception 
(Geers et al., 2003), the PPVT-R may have simply been too easy a measure for the majority of 
participants, as all but the bilingual children group performed at or near ceiling. 
          The fact that, in the first experiment, bilingual children’s scores on the PPVT-R were found to 
significantly correlate with speech perception scores in the 0-mm shift condition raises several interesting 
avenues of future exploration. As the earlier items from which child participants began the PPVT-R 
primarily contain BICS words, it may be worthwhile to retest adult bilingual participants by having them 
begin at the same point in the test as their child counterparts. If adult bilingual participants also show a 
correlation between receptive vocabulary skill beginning at this level of lexical knowledge and speech 
perception scores, it would provide evidence that the types of words typically learned by monolingual 
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children from an early age in their home environment are essential for speech perception in bilingual CI 
users, and possibly all bilingual learners. It would also be interesting to explore whether there is a 
correlation between knowledge of BICS, rather than simply CALP words, and academic outcomes at 
different points in bilingual students’ academic careers. It would be of particular interest to compare these 
factors between NH and CI using bilingual students, as bilingual CI users are at the unique disadvantage 
that in order to acquire a word, they must first be able to hear it, and in order to perceive a word, they 
must have both acquired and heard the word in its appropriate context. Such a study could provide 
evidence for providing a greater focus on BICS words in both English as a Second Language (ESL) 
classes as well as in clinical settings for bilingual CI users (Cummings, 2008). 
 More importantly, it would be of great use to study means by which individuals with CIs are able 
to improve earlier speech perception. Acquisition from ambient speech is a much more effective way of 
learning and retaining vocabulary than explicit instruction, and is most effective when begun at an earlier 
age. Wang et al. (2017) showed that infants who had been implanted with CIs react to infant directed 
speech (IDS), but, unlike their NH peers, showed no reaction to adult directed speech (ADS). Infant 
directed speech is characterized by a distinctive pattern of acoustic-phonetic and lexical properties that 
have been shown to attract greater infant attention. Dilly et al. (2020) found that increased use of IDS in 
infancy predicted improved speech perception at 2 years of age. All infants reacted significantly more to 
IDS than ADS, a phenomenon that is well documented, and has been found to be more useful for 
mapping phonetic form to meaning in both monolingual and bilingual infants (Ma et al., 2020). However, 
NH infants and young children also acquire speech from the ADS that is more prominent in home 
environments (e.g., Bergson et al., 2018). It is of great importance to determine ways that families and 
clinicians can improve young CI user’s attention to speech in order to help them to better acquire the 






          Main effects of age as studied in these experiments, either at the time of testing or at the age of L2 
acquisition, were not found to be significant in either study conducted in this dissertation. However, 
insignificant trends were observed indicating that child listeners, particularly bilingual child listeners, 
experienced greater difficulty in learning to perceive vocoded speech simulating a deep CI electrode array 
insertion (0-mm) relative to their adult counterparts. This effect is of particular importance as scores of 
English receptive vocabulary were found to significantly correlate with speech perception scores at post-
test for bilingual child participants in the 0-mm shift condition. It is possible that this indicates that 
knowledge of lexical items belonging to the BICS category of words may be of particular importance in 
an individual’s potential ability to learn to perceive speech through a CI. This poses a unique situation for 
both clinicians and ESL educators in which these words, which are typically acquired in childhood via the 
home environment, may need to be explicitly taught to bilingual CI users in order to improve speech 
perception outcomes.  
Main effects of vocoding were found to significantly impact speech perception for all seven 
participant groups examined. From this we can extrapolate that vocoding replicating speech as perceived 
through a CI negatively impacts listeners’ abilities to accurately perceive speech. Even with explicit 
training on a difficult condition replicating shallow electrode array insertion (6-mm), participants showed 
significantly more benefit in the condition replicating a deep electrode array insertion (0-mm) relative to 
the trained condition. From this we can conclude that individuals who are unable to receive implantation 
at deeper depths may require greater clinical intervention relative to their peers implanted in more optimal 
conditions, as replicated by the 0-mm shift condition.  
          In conditions where context was unavailable, bilingual participants showed significantly greater 
difficulty identifying target lexical items presented in isolation relative to their monolingual peers. This 
was examined in the 0-mm shifted condition, simulating optimal CI insertion depth. From this it can be 
concluded that bilingual CI users may be reliant on access to semantic context in order to predict, and as 
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such, accurately perceive, sentence-final target words. This again poses the difficult issue in which 
bilingual CI users must first be able to perceive lexical items in order to learn their semantic properties, 
despite the greater difficulty they experience identifying these words when presented in isolation relative 
to their monolingual peers. Greater lexical capacity is likely to improve CI users’ abilities to use semantic 
cues. It is perhaps only after greater exposure to language, explicit lexical instruction, and/or explicit 
training on the perception of individual lexical items that bilingual CI users may acquire the ability to use 
these items to perceive the context facilitating improved lexical perception.  
          The fact that vocoding simulating both shallow (0-mm) and deep (6-mm) CI electrode array 
insertion depths significantly negatively impacted both monolingual and bilingual listeners of all ages 
studied and across a wide range of L2 age of acquisition indicates that CI users face unique difficulty 
perceiving speech relative to their NH peers. It is only with explicit training and the availability of context 
that listeners show significant improvement in the least distorted (0-mm) simulation of speech perception 
through a CI. Trends in these studies indicate that particular attention must be paid to both bilingual and 
child CI users, and most predominantly to bilingual children. In Chapter 2, it was found that even a brief 
training period led to improvement in speech perception in both conditions of shift for all groups tested. 
This highlights the importance of clinical intervention and the significant role it may play in speech 
perception outcomes of CI users. It is only with time and assistance that CI users will develop the ability 





Appendix A: LNT/MLNT Stimuli of Experiment 2 
 
Table 13 
Words presented in the unaltered condition 
 

























































































Appendix B: R-SPIN Stimuli of Experiment 2 
 
Table 15 
Sentences presented in the unaltered condition 
 
               Low Context                High Context 
The old man discussed the dive. The watchdog gave a warning growl. 
Bob heard Paul called about the strips. She made the bed with clean sheets. 
I should have considered the map. The old train was powered by the stream. 
Miss Brown shouldn't discuss the sand. He caught the fish in his net.  
They might have considered the hive. Close the window to stop the draft. 
David has discussed the dent. My T.V. has a twelve-inch screen. 
He can't consider the crib. The sandal has a broken strap. 
I am thinking about the knife. The boat sailed along the coast. 
David does not discuss the hug. Crocodiles live in muddy swamps. 
We've been discussing the crates. The farmer harvested his crop. 
Miss Black knew about the doll. All the flowers were in bloom. 
She couldn't discuss the pine.  She wore a feather in her cap. 
Miss Black thought about the lap. The Admiral commands the fleet. 
Mr. Black knew about the pad. The beer drinkers raised their mugs. 
You heard Jane called about the van. He was hit by a poisoned dart. 
Tom wants to know about the cake. The bread was made from whole wheat. 
She's spoken about the bomb. I made the phone call from a booth. 
We hear you called about the lock. The cut on his knee formed a scab. 
The old man discussed the yell. His boss made him work like a slave. 
They're glad we heard about the track. The farmer baled the hay. 
Sue was interested in the bruise. A termite looks like an ant. 
Ruth will consider the herd. Air mail requires a special stamp. 
The girl talked about the gin. Football is a dangerous sport. 
Paul can't discuss the wax. We saw a flock of wild geese. 




Sentences presented in the vocoded condition 
 
           Low Context           High Context 
You're glad they heard about the slave. Hold the baby on your lap. 
The girl knows about the swamps. For your birthday I baked a cake. 
They did not discuss the screen. The railroad train ran off the track. 
They were interested in the strap. Tear off some paper from the pad. 
I had a problem with the bloom. The fruit was shipped in wooden crates. 
Peter should speak about the mugs. The rancher rounded up his heard. 
She wants to speak about the ant. The lonely bird searches for its mate. 
We're discussing the sheets. They drank a whole bottle of gin. 
They boy would discuss the scab. On the beach we play in the sand.  
Tom could have thought about the sport.  The airplane went into a dive. 
You'd been considering the geese. We're lost so let's look at the map. 
Mr. Black considered the fleet. Household goods are moved in a van. 
I want to know about the crop. The honeybees swarmed round the hive. 
Betty has talked about the draft. The airplane dropped a bomb. 
Tom discussed the hay. Cut the bacon into strips. 
Jane was interested in the stamp. The drowning man let out a yell. 
I had not thought about the growl. I gave her a kiss and a hug.  
Paul should know about the net. I cut my finger with a knife. 
Tom heard Jane called about the booth. the candle flame melted the wax. 
We can't consider the wheat. This key won't fit in the lock. 
We have not discussed the steam. The little girl cuddled her doll. 
Miss Brown might consider the coast. Tom fell down and got a bad bruise. 
Mr. Brown can't discuss the slot. The furniture was made of pine. 
He hasn't considered the dart. How did your car get that dent? 
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